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Preface 


The  20th  International  Free  Electron  Laser  Conference  and  5th  FEL  User  Workshop  was 
held  August  16-22,  1998  in  historic  Williamsburg,  Virginia,  USA.  The  conference  was  hosted  by 
the  Thomas  JefTerson  National  Accelerator  Facility  (Jefferson  Lab),  a  U.S.  Department  of  Energy 
nuclear  physics  research  laboratory  in  Newport  News,  Viginia.  The  close  coupling  between  the 
Users  Workshop  and  the  Conference  allowed  excellent  interactions  between  the  FEL  physics 
community  and  those  who  utilize  the  light  output  of  FELs  for  research  in  a  wide  variety  of 
scientific  fields. 

In  addition  to  the  technical  sessions,  the  275  attendees  of  both  sessions  from  20  countries  had 
an  opportunity  to  tour  JefTerson  Lab  and  see  the  recently  commissioned  high-average-power 
FEL  User  Facility.  There  they  also  toured  the  associated  Applied  Research  Center  with  exhibits 
from  five  local  universities  as  well  as  an  industrial  applications  poster  session.  The  conference 
banquet  was  held  in  the  Mariner’s  Museum  featuring  nautical  exhibits  and  artifacts  from  the 
Titanic. 

The  distribution  of  attendees  included:  US,  158;  Japan,  34;  Germany,  13;  Netherlands,  9; 
France,  8;  Russia,  7;  Israel,  5;  China,  4;  England,  4;  Italy,  4;  Sweden,  2;  Korea,  3;  Scotland,  3; 
Taiwan,  2;  India,  1;  Canada,  1.  Thanks  to  the  generous  sponsorship  of  the  U.S.  Department  of 
Navy  Office  of  Naval  Research  and  the  U.S.  Department  of  Energy,  we  were  able  to  provide 
support  for  31  students  and  scholars  from  11  countries.  In  addition,  we  are  grateful  for  the 
support  from  the  other  organizations  listed  on  our  sponsor  page  which  allowed  us  to  provide 
a  much  more  enjoyable  conference  for  all  attendees. 

The  approach  to  the  scientific  program  utilized  a  select  group  of  international  scientists  from 
the  program  committee  to  choose  general  topics  for  the  various  sessions.  They  appointed  session 
chairs  for  each  of  those  areas  to  choose  contributed  and  invited  talks  in  the  field  from  the  most 
current  research  activities  in  progress.  Sessions  highlighting  research  in  the  following  topics  were: 
New  Lasing,  FEL  Theory,  SASE  FELs,  Accelerator  Technology,  FEL  Technology,  Linac-Based 
FELS,  Storage-Ring-Based  FELs,  UV  and  X-ray  Sources,  and  New  Concepts.  In  addition,  the 
breadth  of  interest  in  applying  FELs  is  evident  from  the  session  topics  held  at  the  Users 
Workshop:  Physics  and  Chemistry  Research,  Applications  Research,  Industrial  Applications, 
Biomedical,  Biophysical,  Biochemical,  and  Photochemical  Applications,  Applications  in  Con¬ 
densed  Matter,  Materials,  Plasmas,  Semiconductors,  and  Surface  Physics. 

The  growth  in  the  FEL  field  in  the  past  year  was  visible  in  the  number  of  papers  presented:  224. 
Of  that  number  we  have  selected  (with  the  help  of  reviews  by  referees  comprising  the  Program 
Committee  and  others)  89  of  these  for  publication  in  NIMA.  Following  the  standards  of  NIMA 
only  those  papers  presented  at  the  conference  and  which  meet  the  normal  criteria  for  scientific 
publications  (accuracy,  scientific  merit,  and  novelty)  were  considered  for  publication.  The  editors 
would  like  to  express  their  deep  appreciation  to  those  who  reviewed  the  submissions  and  helped 
us  select  the  papers  you  see. 

The  FEL  field  is  quite  active  in  a  few  specific  areas  at  this  time.  Several  groups  are  investigating 
self-amplified  spontaneous  emission  (SASE)  as  a  route  to  a  0.1  nm  FEL.  Although  the  technical 
challenge  are  large,  a  growing  portion  of  the  community  believes  this  is  a  feasible  goal  and  have 
begun  planning  4th  generation  light  sources  based  on  this  technique.  Already,  demonstrations  of 
SASE  by  many  orders  of  magnitude  in  an  unguided  (by  external  means)  optical  mode  have  been 
achieved  in  the  IR  with  extension  into  the  UV  soon  to  follow.  Other  groups  are  extending  the 
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applications  of  FELs  by  evolutionary  changes  in  the  capabilities  of  user  facilities  around  the 
world.  Many  of  these  utilize  other  sources  of  radiation  synchronously  with  tunable  FEL  beams. 
An  emerging  trend  is  the  use  of  Thompson  scattered  photons  from  the  electron  beam.  Because  of 
the  Doppler  shift  involved,  the  photons  can  be  up-scattered  into  the  X-ray  (keV)  or  even  gamma 
ray  (MeV)  regime  forming  a  useful  picosecond  probe  for  analysis  of  materials  or  nuclear  structure. 
Other  groups  continue  to  extend  the  range  of  FEL  operation.  A  new  record  was  set  this  year  for 
short  wavelength  lasing  (210  nm)  as  well  as  production  of  the  highest  CW  average  power  yet  for 
an  FEL  (311  W).  Millimeter  wave  FELs  are  close  to  producing  powers  that  greatly  exceed  even 
this  high  level.  A  number  of  facilities  began  operation.  Several  exciting  applications  of  FEL  light 
were  cited  in  the  user  workshop  involving  laser  ablation  of  corneas,  clinical  use  of  FEL  beams, 
and  several  interesting  pump  probe  experiments  using  FEL  radiation  with  synchrotron  emissions 
or  other  lasers  in  semiconductors.  FEL  beams  have  been  coupled  with  near-field  microscopy  for 
bond  specific  studies  of  impurities  and  defects  in  materials  such  as  diamond  crystallites. 

We  hope  this  volume  gives  the  reader  an  appreciation  of  the  state  of  FEL  technology  and 
coveys  the  sense  of  excitement  and  interest  in  the  field.  Despite  the  fact  that  it  has  been  22  years 
since  the  first  demonstration  of  lasing  in  an  FEL  oscillator,  the  field  continues  to  provide 
interesting  areas  for  study  and  application.  We  look  forward  to  the  conferences  in  the  years  to 
follow  for  the  results  of  initiatives  already  underway,  for  the  new  ideas  that  are  certain  to  appear, 
and  for  the  useful  application  of  FEL  photons  in  ways  currently  unimagined. 


George  R.  Neil 
Chair 


Stephen  V.  Benson 
Program  chair 
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Professor  John  Walsh  wins  the  1998  International 
Free-Electron  Laser  Prize 


The  International  Free-Electron  Laser  Prize  is  awarded  each  year  to  recognize  individuals  for 
pioneering  contributions  to  the  field  of  free-electron  lasers.  At  the  20th  International  Free- 
Electron  Laser  Conference,  the  Prize  for  1998  was  awarded  to  Professor  John  Walsh,  of 
Dartmouth  College,  in  recognition  of  his  outstanding  leadership  in  research  and  teaching  in  the 
field  of  free-electron  lasers. 

Professor  Walsh’s  long  and  distinguished  career  in  free-electron  lasers  and  microwave  devices 
at  Dartmouth  has  inspired  many  students,  both  graduate  and  undergraduate.  His  research 
epitomizes  the  pioneering  spirit,  characterized  always  by  innovation  and  imagination.  He  is  one 
of  the  few  in  our  field  who  is  equally  at  home  in  discussions  of  both  long-wavelength,  low-energy 
devices  and  short-wavelength,  high-energy  machines,  and  as  often  as  not  his  research  has  been 
outside  the  mainstream  of  either  community.  For  example,  he  has  been  a  pioneer  in  the 
development  of  Cherenkov  free-electron  lasers,  and  recently  demonstrated  the  first  evidence  of 
gain  on  a  new  device  called  a  Smith-Purcell  free-electron  laser.  Indeed,  it  is  fitting  that  this  new 
concept  should  be  reported  for  the  first  time  at  this  Conference.  In  addition,  Professor  Walsh  has 
been  ahead  of  the  rest  of  us  in  the  development  of  compact  free-electron  lasers.  At  a  time  when 
ever-larger  free-electron  lasers  are  the  focus  of  our  attention,  he  has  had  the  imagination  to 
conceive  of  a  “pocket”  free-electron  laser,  and  the  perseverance  to  build  a  tabletop  free-electron 
laser  out  of  a  cast-off  scanning  electron  microscope.  He  realized  early  the  importance  of 
“brightness”,  rather  than  current,  in  electron  beams  for  small  devices,  and  recognized  the  high 
brightness  available  from  the  guns  and  optics  of  electron  microscopes.  For  the  first  time,  it  now 
seems  possible  for  anyone  to  have  a  free-electron  laser  in  a  corner  of  her  or  his  laboratory. 

Never  one  to  feel  restricted  to  follow  the  scientific  paths  taken  by  others,  he  has  also  branched  out 
from  the  mountains  of  New  Hampshire  to  form  international  collaborations,  notably  Oxford  and 
Frascati.  It  is  no  surprise  that  support  for  his  nomination  came  from  around  the  world,  and  we  are 
delighted  to  have  the  opportunity  to  honour  his  achievements  with  the  1998  Free-Electron  Laser  Prize. 

Charles  Brau,  Chair 
Giuseppi  Dattoli 
Richard  Pantel 
Nikolai  Vinokurov 
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Abstract 

The  current  status  of  understanding  of  the  equation  of  motion  of  an  electron  is  summarized.  Classically,  a  consistent, 
linearized  theory  exists  for  an  electron  of  finite  extent,  as  long  as  the  size  of  the  electron  is  larger  than  the  classical  electron 
radius.  Nonrelativistic  quantum  mechanics  seems  to  offer  a  fine  theory  even  in  the  point-particle  limit.  ©  1999  Elsevier 
Science  B.V.  All  rights  reserved. 


1.  Introduction 

For  almost  100  years  there  has  been  considera¬ 
tion  of  the  proper  equation  of  motion  of  an  elec¬ 
tron.  Many  fine  physicists,  beginning  with 
Abraham  and  Lorentz,  have  worked  on  this  subject, 
and  there  are  hundreds  of  papers  in  the  literature. 
Here  we  summarize  the  present  state  of  under¬ 
standing,  with  some  historical  background,  giving 
the  major  contributions  through  the  years.  This 
paper  is  a  shortened  version  of  a  recent  review 
article  written  by  the  author  and  Sessler  [1]. 

In  contrast  with  what  most  physicists  believe,  it 
is  seen  that  the  linearized  classical  theory,  when  it  is 
applied  in  the  appropriate  regime  (nonquantum),  is 
in  fine  shape:  it  is  finite,  has  no  contradiction  with 
relativity,  has  no  runaway  solutions,  and  has  no 
acausal  behavior. 


*Work  supported  by  the  U.S.  Department  of  Energy,  Office  of 
Basic  Energy  Sciences,  under  Contract  No.  W-31-109-ENG-38. 
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The  Abraham-Lorentz  equation  [2,3]  for 
a  point  electron  involving  a  third  derivative  in  time 
suffers  from  two  major  problems:  contradiction 
with  relativity  and  runaway  and  acausal  behavior. 
The  work  of  Poincare  [4]  and  Dirac  [5]  solves  the 
problem  with  relativity.  The  runaway  problem  is 
solved  by  going  to  an  extended  model  of  an  elec¬ 
tron  described  by  a  difference-differential  equation. 
The  equation  for  the  nonrelativistic  case  was  de¬ 
rived  by  Sommerfeld  [6]  and  Page  [7]  and  was 
generalized  to  the  relativistic  case  by  Caldirola  [8]. 
The  extended  model  is  finite  and  causal  if  the  elec¬ 
tron  size  a  is  larger  than  the  classical  electron 
radius  re  =  e2/mc2  -  2.7  x  10" 13  cm. 

Classical  theory  is  clearly  not  appropriate 
for  examining  behavior  at  a  distance  less  than 
the  Compton  wavelength  of  an  electron, 
X  =  h/mc  =  4  x  10" 1 1  cm.  The  work  by  Moniz  and 
Sharp  [9,10]  indicates  that  in  nonrelativistic  quan¬ 
tum  mechanics  an  electron  behaves  as  an  extended 
particle  with  the  size  of  the  Compton  wavelength: 
the  equation  of  motion  is  finite  and  causal  even  in 
the  point  particle  limit  as  long  as  the  Compton 
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wavelength  is  larger  than  the  classical  electron 
radius.  Furthermore,  the  mass  correction  6m  is  not 
only  finite  but  actually  vanishes  in  quantum  theory. 
We  present  a  new  quantum  mechanical  derivation 
of  this  interesting  result  [11].  In  quantum  elec¬ 
trodynamic  (QED)  analysis,  recent  work  by  Low 
[12]  shows  that  the  electron  motion  is  finite  in 
perturbation  theory  in  a  =  e2/hc.  However, 
a  proper  QED  analysis  has  not  yet  been  obtained 
(and  maybe,  those  do  not  even  exist). 

There  are  several  excellent  textbooks  [13-15] 
and  review  articles  [16-18]  on  the  classical  electron 
theory. 

2.  Abraham-Lorentz  and  other  classical  equations 
of  motion 

We  start  by  writing  various  forms  of  equation  of 
motion  of  an  electron  in  nonrelativistic  classical 
mechanics.  Let  the  electron  trajectory  be  j>(0.  The 
electron  is  really  a  charge  distribution  centered  at 
y  ( t )  represented  by 

ef(x-y(t)),  M 

where  e  is  the  electron  charge,  and  fix)  is  a  spheri¬ 

cally  symmetric  function,  normalized  so  that 

j/(x)d3x  =  1.  (2) 

The  nonrelativistic  equation  of  motion  is  deter¬ 

mined  by  the  Lorentz  force  law: 

m0y<t)  =  Fext  +  ej ' f(x  (E(x) 

+  -y(t)xB(x))d3x,  (3) 

c 

where  m0  is  the  bare  mass,  the  dot  represents  the 
time  derivative,  Fext  is  the  external  force,  and  E  and 
B  are,  respectively,  the  electric  and  magnet  field  in 
Gaussian  units.  The  second  term  in  the  above  equa¬ 
tion  is  the  electromagnetic  self  force. 

Solving  Maxwell’s  equation  to  determine  the 
electromagnetic  field  [12,1],  the  self  force  arising 


from  the  electric  field  is  found  to  be 
m0y(t)  =  Fext(t)  -  l/(*)l2 

poo 

x  dzY(t,x)  cos  kcT,  (4) 

where 

J(k)  =  j 'd3ke->kxf(x), 
and 

Y(t,x)  =  eik  yit)eik‘y{t~z)y(t  -  t).  (5) 

The  force  arising  from  the  magnetic  field  is  nonlin¬ 
ear  in  y  (and  its  derivative),  which  we  neglect.  In 
linear  approximation,  the  exponential  factors  in 
Eq.  (5)  are  replaced  by  1.  Therefore, 

Y(t,i)  =y(t  —  t).  (6) 

Eqs.  (4)  and  (6)  are  the  desired  expressions  for  the 
classical  equation  of  motion  and  can  be  shown  to 
be  identical  to  the  power  series  expression  derived 
by  Lorentz  for  linearized  radiation  reaction  in  the 
nonrelativistic  approximation  [3,13]. 

For  the  case  of  a  spherical  shell  of  radius  a , 


<5(M -a)  T  sin  ka 

ji  )~  W  ’  J  )  ka  ' 

(7) 

Eqs.  (4)  and  (6)  become 

maKO  -  FeJt)  +  3a2c[W  -  2 a/c)  -y(t)l 

(8) 

This  differential-difference  equation  will  be  referred 
to  as  the  Sommerfeld-Page  equation  because  they 
derived  it  [6,7]. 

Expanding  y  (t  —  2 a/c)  in  Eq.  (8)  in  a  Taylor 
series  and  neglecting  terms  that  vanish  as  a  ->  0, 

2  e2 

m0y(t)  =  F,Jt)  -  8my(t)  +  -  ^$4 

(9) 

where 

*  4  *2 

Sm  =  3  2ac- 

(10) 

Eq.  (9)  will  be  referred  to  as  the  Abraham-Lorentz 
equation  in  the  following.  It  is  the  simplest  form  of 
the  equation  of  motion,  taking  into  account  the 
electromagnetic  self  force  in  a  nonrelativistic  linear 
approximation  and  in  the  point-particle  limit. 
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3.  Problems  with  relativity  and  Poincare  stress 

The  second  term  on  the  RHS  of  the  Ab- 
raham-Lorentz  equation  can  be  interpreted  as  the 
inertia  due  to  the  electromagnetic  mass  dm.  How¬ 
ever,  it  is  in  contradiction  with  the  notion  of  relativ¬ 
ity  because  5 m  is  different  from  the  electrostatic 
mass  e2/2ac 2  by  a  factor  of  4/3. 

To  see  the  meaning  of  the  third  derivative  term  in 
the  Abraham-Lorentz  equation,  we  move  the  6m 
term  to  the  LHS,  multiply  both  sides  by  y,  and 
integrate  over  a  finite  interval  of  time.  The  LHS 
becomes  the  increase  in  the  electron’s  kinetic  en¬ 
ergy.  The  RHS  is 


2<? 

3? 


r h  2  e2 

y2dt+-^jryfc. 

Jt.  6 


(ID 


As  long  as  the  second  term  is  negligible,  this  is  the 
negative  of  the  well-known  dipole  radiation.  The 
last  term  in  Eq.  (9)  is  therefore  reasonable.  How¬ 
ever,  we  will  see  later  that  this  term  gives  rise  to 
runaway  or  acausal  behavior. 

Eq.  (9)  therefore  contains  two  major  difficulties: 
(i)  a  contradiction  with  relativity,  and  (ii)  runaway 
and  preacceleration  behavior.  We  shall  see  in  the 
following  how  these  troubles  are  avoided.  The  bot¬ 
tom  line  is  that  there  is  no  problem  if  the  shell  radius 
a  is  larger  than  the  classical  electron  radius  re. 

In  1903,  before  special  relativity  was  established, 
Abraham  derived  [2]  the  force  equation,  which  is 
the  relativistic  generalization  of  Eq.  (9).  Abraham 
also  found  the  rate  of  work  done  on  an  electron,  the 
power  equation.  Although  these  equations  were 
derived  before  relativity  was  fully  established,  he 
used  the  correct  relativistic  model  of  an  electron  in 
which  the  spherical  charge  distribution  in  the  rest 
frame  is  contracted  to  a  spheroid  for  a  moving 
electron.  The  derivations  of  these  equations  are 
difficult  and  confirmed  by  Schott  [19]  who  carried 
out  a  very  rigorous  and  complicated  calculation. 

It  is  not  necessary  to  write  down  these  equations 
here.  However,  we  remark  that  Abraham’s  power 
equation  for  nonrelativistic  speed  becomes 


d E 
dt 


=  ^ext  y 


5  eA 


2  e: 


e'-'+i?" 


(12) 


Note  that  y  *  force  (Eq.  (9))  does  not  yield  the 
power  (Eq.  (12)).  This  is  a  fundamental  difficulty. 
The  problem  was  solved  by  Poincare  [4]  with 
a  nonelectromagnetic  stress  and  Dirac  by  invoking 
covariance  [5]. 

Poincare,  in  his  paper  submitted  in  1905  [4] 
(without  knowledge  of  Einstein’s  work  on  special 
relativity),  observed  that  a  purely  electromagnetic 
model  of  the  electron,  such  as  the  charged  sphere,  is 
not  internally  consistent  because  it  will  fly  apart 
due  to  the  electrostatic  repulsion.  To  counteract  the 
repulsive  force,  he  imagined  that  the  inside  of  the 
sphere  provides  a  uniform  negative  pressure  (or 
stress)  p  =  e2/87itf4. 

Relative  contributions  of  Poincare  and  Einstein 
to  special  relativity  is  a  subject  of  some  debate  and 
considerable  historical  interest  (see  Longunov  in 
Ref.  [4]). 

To  see  how  this  Poincare  stress  solves  the  prob¬ 
lem,  consider  the  charged  shell  in  motion.  Due  to 
the  Lorentz  contraction,  the  sphere  becomes  an 
oblate  spheroid  with  the  minor  axis  in  the  direction 
of  the  motion  reduced  by  y  =  l/^/l  —  y2/c2.  The 
work  done  by  the  mechanical  force  is  given  by  the 
pressure  times  the  volume  change.  (The  pressure  is 
relativistically  invariant  since  the  force  and  the  area 
element  transform  the  same  way.)  Thus  the  mech¬ 
anical  system  must  lose  energy  at  the  rate 


dE_  _j^_d/l4  \ 

dt  871a4  df\y  3  ^  / 

_2e^_d  J_ 

3  a  dt  4/ 


(13) 


Here  the  expression  4na2/3y  is  the  volume  of  the 
spheroid.  In  the  nonrelativistic  approximation  Eq. 
(13)  becomes  dE/dt  =  (1/6)  {e2/a)y-  yjc 2.  If  this  is 
added  to  Eq.  (12),  the  discrepancy  between  the  force 
and  the  power  equation  is  removed.  It  can  be 
shown  that  the  relativistic  loss  of  mechanical 
energy,  Eq.  (13),  removes  a  similar  difficulty  in 
relativistic  force  and  power  equations  [16,1]. 

However,  the  problem  of  the  mass  -  the  fact  that 
the  electromagnetic  mass  is  4/3  times  the  electros¬ 
tatic  mass  -  is  not  solved  yet.  One  way  of  solving 
the  problem  is  to  say  that  the  bare  mass  contains 
a  term  —  (1/3)  times  electrostatic  mass.  For  a  more 
formal  approach  [20],  we  can  introduce  a  stress 
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tensor  representing  the  Poincare  stress  by 

^Poincare  =  ^  OT  ~  ^)0(d  ~  r)  (14) 

where  /v  =  (1,  -  1,  -  1,  -  1),  q  is  an  arbitrary  con¬ 
stant,  u*  is  the  velocity  four-vector,  0  is  the  step 
function,  and  r  is  the  radial  coordinate  in  the  rest 
frame  of  the  shell.  The  quantity  flpoincare  is  construc¬ 
ted  so  that 

8^  =  8,(0^  +  Cincare)  =  0,  (15) 

where  05bm  is  the  electromagnetic  stress  tensor  asso¬ 
ciated  with  the  Coulomb  field  of  a  spherical  shell. 
Eq.  (15)  assures  that  the  total  momentum 

f  =  j 'fxO'10  (16) 

is  a  four  vector  [12].  The  momentum  associated 
with  the  Poincare  stress  alone  is 

^Poincare  ~  ^Poincare  =  +  ^  j- 

(17) 

We  need  to  add  dp^oincaJdt  to  the  force  and  the 
power  equations.  Our  previous  result  (Eq.  (13)) 
corresponds  to  the  case  q  —  0.  If,  on  the  other  hand, 
we  choose  q  —  1,  we  remove  the  so-called  4/3  prob¬ 
lem. 

The  above  method  of  solving  the  4/3  problem  is 
clearly  rather  formal  and  arbitrary.  There  are  also 
more  intuitive  approaches,  for  example  by  Boyer 
[21]  who  notes  that  the  Poincare  stress  may  not  act 
at  the  same  time  in  all  parts  of  the  moving  electron. 
A  review  of  different  solutions  of  the  4/3  problem  is 
given  by  Rohrlich  [18]. 

The  saga  of  the  4/3  problem  is  in  some  sense 
a  story  of  how  special  relativity  proved  itself  as 
a  theory  of  internal  consistency  and  beauty.  The 
investigation  of  the  electron’s  equation  of  motion 
started  while  special  relativity  was  still  evolving. 
Therefore,  there  was  doubt  whether  the  electron 
theory  was  consistent  with  relativity,  which  lin¬ 
gered  even  after  relativity  was  fully  established. 
Einstein,  never  doubting  relativity,  wasted  no  time 
in  checking  covariance  of  the  electron  theory.  He 
was  too  busy  working  out  general  relativity! 


With  this  choice  of  q,  the  force-power  equation  in 
the  relativistic  case  becomes 


=/£  t  +  r 


e2  dt/ 
2 a  ds  ’ 


(18) 


where 


dua  dua 
ds  ds 


(19) 


We  now  have  a  relativistically  covariant  equation 
of  motion  of  an  electron  with  the  observed  mass 
m  -  m0  +  5m  and  dm  —  e2/! ac2. 

Before  closing  this  section,  we  need  to  mention 
Dirac’s  contribution  [5].  He  understood  that  the 
problem  with  the  Abraham-Lorentz  equation  was 
in  trying  to  approach  too  near  an  electron.  He 
therefore  devised  an  ingenious  way  to  avoid  the 
difficulty.  Stay  a  finite  distance  away  from  an  elec¬ 
tron  and  demand  relativistic  covariance.  He  then 
obtained  Eq.  (18),  which  is  therefore  referred  to  as 
the  Abraham-Lorentz-Dirac  equation. 

Actually,  Dirac’s  derivation  of  Eq.  (18)  is  valid 
only  up  to  a  term  of  the  form  dB^/ds,  where  B M  is 
a  four  vector  with  the  restriction  u^dBjds  —  0.  The 
simplest  choice,  B1  =  ku\  gives  rise  to  a  term  that 
can  be  incorporated  into  the  inertial  term 
(mcdif/ds)  in  Eq.  (18).  The  next  order  term  involv¬ 
ing  du^/ds  is  complicated,  which  is  disposed  of  by 
saying  that  a  simple  thing  like  an  electron  cannot 
possibly  have  such  a  complication. 

If  we  are  willing  to  make  a  few  very  plausible 
assumptions,  the  Abraham-Lorentz-Dirac  equa¬ 
tion  can  be  derived  very  easily  as  follows  [18]: 


m°c  ^  =/«' +  x<1>  (20) 
ds 

where  X M  includes  radiative  effects.  Both  sides  of 
Eq.  (20)  are  orthogonal  to  i/.  Thus  we  may  write 
X»  =  (/v  -  uV)Yw.  Try  Y*  of  the  form 
a  u*  +  b  du^/ds  +  c  dV/ds2.  The  first  term  does 
not  contribute,  and  the  second  term  is  of  the  same 
form  as  the  mass  term,  which  can  be  incorporated 
into  m.  With  the  third  term,  it  is  easy  to  show  that 
X *  is  proportional  to  r.  (Here  we  are  using 
(dua/ds)dujds  +  d2ujds2'  ua  =  0.)  The  coefficient 
is  determined  by  demanding  consistency  with  the 
nonrelativistic  Abraham-Lorentz  equation,  lead¬ 
ing  to  F *  =  X*.  End  of  the  proof. 
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4.  Runaway  and  acausality 


The  general  solution  of  the  Abraham-Lorentz 
equation  is 


my(t)  =  et/te[my(  0) 


1  Ae 


d  t’e-'l'-F'M 


0 


(21) 


where 

2  re  2  e2 
ie  =  t ~  =  t  — 

3  c  3  me 


(22) 


The  solution  in  general  exhibits  exponential 
growth,  i.e.,  runaway  behavior.  Dirac  noted  that 
the  runaway  can  be  avoided  if  we  choose  the  initial 
condition 


mj>(0)  =  l/tc 
Then 


d  t'e-^F^n 


(23) 


In  the  above  expression,  the  combination 
m(  1  —  ctja)  is  simply  the  bare  mass  m0.  Assume 
that  there  are  no  external  forces,  and  there  exists 
a  runaway  solution  of  the  form  y(t)  —  ,y(0)eat  with 
a  positive  real  part  of  a.  From  Eq.  (25)  it  is  easy  to 
see  that  this  is  possible  only  when  1  —  ctja  is 
negative.  Thus  the  runaway  solution  is  possible  if 
and  only  if  the  electron  radius  a  is  less  than  (2/3)  re. 
For  a  >  (2/3 )re  we  get  damped  oscillatory  solu¬ 
tions. 

It  is  sometimes  stated  that  the  runaway  behavior 
is  due  to  the  infinite  energy  associated  with  a  point 
electron.  This  is  false  because  the  runaway  occurs 
for  even  a  finite  a  as  long  as  it  is  less  than  (2/3)  re. 
Runaway  occurs  if  and  only  if  the  bare  mass  is 
negative  (and,  therefore,  the  Hamiltonian  is  no  lon¬ 
ger  positive  definite). 

We  can  also  show  that  if  a  >  cte ,  the  motion  is 
causal  with  no  preacceleration.  This  can  be  seen 
most  easily  if  Eq.  (25)  is  turned  into  an  integral 
equation  with  a  Green’s  function  [9,10,17]: 


*00 

d(xe~aFext(t  +  tea). 
o 


Cco 

(24)  y(t)  =  G(t-tf)Fext(t')dt (26) 


This  solution  now  exhibits  preacceleration:  the  par¬ 
ticle  starts  to  move  before  the  force  is  applied  and 
the  initial  condition  depends  upon  the  entire  future 
path. 

Nevertheless,  it  satisfies  the  Rohrlich  criteria  of 
“ the  unobservability  of  very  small  charges ”  [15]. 
That  is,  as  the  charge  becomes  very  small  we  should 
not  have  a  solution  widely  different  from  that  of  an 
uncharged  particle. 

The  Abraham-Lorentz  equation  exhibits  run¬ 
away  and  preacceleration  because,  as  the  electron 
radius  a  vanishes,  the  bare  mass  m0  becomes  nega¬ 
tive  to  keep  the  observed  mass  m  finite.  A  particle 
with  a  negative  mass  can  clearly  supply  an  infinite 
amount  of  energy. 

The  difficulty  can  be  avoided  in  an  extended 
electron  model.  To  see  this,  we  return  to  the  Som- 
merfeld-Page  Eq.  (8),  which  can  be  written  in  the 
following  form  [9,10,17] 

=  FcJt)  /_c_\ 
y  m(  1  —  ctja)  \2a)  \  a  )(\  —  ctja) 


where 


G(t  -  f)  = 


1 

2nm 


e 


co 


(27) 


and 


B  =  1 


oj\2a 


g(io)2a/c) 


(28) 


It  can  be  shown  that  all  poles  of  l/R(co)  occur  in  the 
lower  half  co-plane  if 


a  >  |re. 


(29) 


Then  the  Green’s  function  G(t)  vanishes  for  t  <  0. 
Therefore,  the  motion  is  causal.  On  the  other 
hand,  if  a  <  f res  then  there  is  in  general  acausal 
behavior. 

A  relativistic  generalization  of  the  Sommer- 
feld-Page  equation  was  conjectured  by  Caldirola 
[8]  and  proved  by  Yaghjian  [16]: 


2e2  1 


m0czityi  =/ixt  3--  —  — 
3  a  2a 


x  [j<f  -  2 a/c)  -y{t)f 


(25)  x  [t/(s  —  2d)  —  d\s)ujs)ua(s  —  2 a)].  (30) 
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The  Caldirola  equation  is  fine:  no  runaways  and 
no  causality  problems.  However,  when  we  take 
a  ->  0,  then  there  are  problems. 

Yaghjian  [16]  attempted  to  produce  a  causal 
equation  with  no  runaways  for  a  point  electron.  He 
modified  the  Abraham-Lorentz  Eq.  (9)  by  multi¬ 
plying  the  third  derivative  term  by  a  function  r\(t ), 
which  changes  smoothly  from  0  for  t  <  0  to  1  for 
t  >  2 a/c  (or  by  multiplying  the  P1  term  by  a  similar 
function  q(s)),  arguing  that  the  Taylor  series  expan¬ 
sion  breaks  down  when  the  force  changes  abruptly. 
However,  the  solution  of  the  modified  equation  still 
exhibits  acausal  behavior. 


5.  Quantum  mechanical  analysis 

It  had  been  hoped  that  the  difficulty  of  the  classi¬ 
cal  theory  in  taking  a  point  particle  limit  might  be 
solved  by  quantum  mechanics.  The  observation 
that  the  mass  renormalization  5m  is  less  singular  in 
quantum  electrodynamics  than  in  classical  theory 
seemed  to  reinforce  this  hope.  However,  a  real 
quantum  mechanical  analysis  of  the  electron  equa¬ 
tion  has  not  been  carried  out  until  modern  time. 
The  reason  behind  this  lack  of  activity  appears 
to  be  the  success  of  the  renormalization  theory 
in  quantum  electrodynamics,  which  established 
that  all  observable  phenomena  can  be  calculated 
to  a  finite  answer  order  by  order  in  perturba¬ 
tion  theory  in  terms  of  the  observed  mass  and 
charge. 

In  1977,  Moniz  and  Sharp  presented  a  very  inter¬ 
esting  quantum  mechanical  calculation  [9,10], 
according  to  which  the  equation  of  motion  in 
nonrelativistic  quantum  mechanics  is  finite  even 
in  the  point  particle  limit.  The  derivation  is 
based  on  the  elaborate  manipulations  of  infinite 
series. 

Here  another  derivation  will  be  summarized 

[H]. 

The  derivation  of  the  quantum  mechanical  equa¬ 
tion  of  motion  for  Heisenberg  operators  proceeds 
similarly  to  the  derivation  in  the  classical  case  given 
in  Section  2.  Again  neglecting  the  magnetic  term, 
one  arrives  at  an  equation  identical  in  form  to  Eq. 
(4),  but  the  operator  Y  is  given  by  the  symmetrized 
version  of  the  classical  expression,  Eq.  (5),  as  fol¬ 


lows: 

F(f,T)=|{e“-'%  >!}+}  + 

=  +  eik'y'y1e~it'y‘) 

+  [*--*]+.  (31) 

Here  .y 2  =  J’W.J’i  =  ><?  -  t),  {}+  is  the  anticommu¬ 
tator,  and  |  k  ->  —k]  +  indicates  terms  obtained  by 
changing  the  sign  of  k  and  taking  the  Hermitian 
conjugate. 

Noting  that  p  —  P  —  eAjc  —  m^y  is  the  kinetic 
momentum  operator  (P  =  canonical  momentum), 
we  obtain 


lk  yi  —  y1  —  ckX ,  (32) 

where  X  =  h/m0c  is  the  Compton  wavelength  for 
the  bare  mass  m0.  In  classical  mechanics,  we  would 
have  replaced  the  factor  exp  (ifc-jq)  by  1  since  it 
would  at  most  contribute  to  nonlinear  terms.  Such 
a  procedure  is  not  justified  in  quantum  mechanics 
as  is  clear  from  Eq.  (32).  Similarly,  the  factor 
exp  (iA  j;2)*exp(  -  i k-yx)  in  Eq.  (31)  cannot  simply 
be  replaced  by  1.  Instead,  we  reduce  the  product  of 
exponential  operators  using  a  technique  similar  to 
that  used  by  Baier  and  Katkov  [22]  in  their  calcu¬ 
lation  of  quantum  synchrotron  radiation.  The  steps 
used  here  follow  closely  a  simplified  formulation  of 
the  Baier-Katkov  reduction  by  Cahn  and  Jackson 
[23].  We  write 

exp  (i  k-y2)  exp(-i  k-yt) 

=  exp  (ixH/h)  exp  (ifc  jq)  exp  (  -  hH/h) 

x  exp  (  -  ik  -  ji) 


=  exp  (hH(p)/h) 

x  exp  (  —  uH(p  —  hk)/h)  (r  =  f  —  t').  (33) 

Here  H  is  the  Hamiltonian.  Since  H  is  a  sum  of  the 
kinetic  energy  p2/2m0  and  the  electromagnetic 
energy,  it  follows  that 


h2k2 

H(p-hk)  =  —  +  H(p) 
2m0 


hpk 
m0  * 


(34) 
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Now,  using  the  Campbell-Baker-HausdorfT  for¬ 
mula  [24]  to  first  order  in  p ,  we  can  show  that 

exp(i&*y2)exp(  —  ifc-jq)  =  exp 

x[l+i  k-(y2-yi)l  (35) 

Thus 

Y  =  ^|exP  ^  +ik'(yi-yi)) 

X  - 2~)}  +  ^  _  ^  +  *  (^6) 

Noting  that  odd  power  in  k  vanishes  after  d3/c- 
integration  and  </c2>  =  \k2,  one  obtains  (keeping 
only  terms  linear  in  j) 


In  another  limit,  X  ->  0, 

9  r°o 

f20=-P  |/(k)|2dk,  (40) 

n  Jo 

and  the  theory  reproduces  the  classical  result,  as  it 
should. 

Whether  the  quantum  mechanical  equation  of 
motion  exhibits  runaway  or  acausal  behavior  can 
again  be  studied  by  writing  the  quantum  mechan¬ 
ical  equation  of  motion  in  a  Green’s  function  form, 
similar  to  that  at  the  end  of  Section  4.  Such  an 
analysis  in  the  point  particle  limit  was  carried  out 
by  Moniz  and  Sharp  [9,10],  who  found  that  the 
motion  is  causal  with  no  runaways  if 

*  =  ^  =  7<m  (41) 


Y(t,  t)  =  y(t  —  t)cos(act/c2/2) 

-  ~  T))sin(;.ctfc2/2)-  (37) 

The  linearized  electron’s  equation  of  motion  in 
nonrelativistic  quantum  mechanics  is  then  given  by 
inserting  Eq.  (37)  into  Eq.  (4).  Expanding  the  oper¬ 
ator  y(t  —  t)  in  Eq.  (37)  in  a  Taylor  series  around 
t  =  0  and  inserting  it  in  Eq.  (4),  an  equation  involv¬ 
ing  a  sum  of  derivatives  ofy(r)  is  obtained.  It  can  be 
shown  that  the  coefficients  of  these  derivatives  are 
exactly  those  derived  in  Moniz  and  Sharp. 

In  particular,  the  coefficient  of  y(t ),  the  quantum 
mechanical  self-mass  8m,  is  found  to  be 

6m = (!  ?)  0 + \  lx)  0 + 4K  (38) 


„  2  r  \Kk)\2  ,, 


where  P  denotes  the  principal  value  integration. 
Eq.  (39)  is  remarkable  in  that  the  self-mass  remains 
finite  in  the  point  particle  limit/(A)  ->  1.  In  fact ,  the 
self  mass  vanishes  in  this  limit !  Sm  ->  0  (a  0  with 
X  fixed  in  quantum  mechanics). 

Therefore,  X  (bare  mass)  =  X  (observed  mass). 
This  is  why  we  used  the  same  notation  for  these  two 
Compton  wavelengths. 


In  quantum  mechanics,  an  electron  is  spread 
over  a  Compton  wavelength.  Thus,  the  above  con¬ 
dition  is  reasonable  in  view  of  the  classical  causality 
condition  Eq.  (29),  which  can  be  written  as 
rja  <  1.5. 

Nonrelativistic  quantum  mechanics  is  not  valid 
for  rapid  motion  with  frequency  hco>mc2  or  if  we 
approach  a  distance  X  near  the  electron,  and  a  full 
QED  analysis  must  be  performed.  The  only  calcu¬ 
lation  by  QED  was  reported  by  Low  [12].  He  has 
not  derived  an  equation  of  motion,  but  he  has 
shown  that  the  motion  is  finite  in  each  order  of  a. 
This  is  reasonable  in  view  of  the  well-established 
renormalization  theory  that  gives  a  finite  answer 
for  any  physical  process  in  perturbation  expansion 
in  a.  However,  the  perturbation  theory  is  not  suit¬ 
able  for  taking  the  classical  limit,  and  it  is  unclear 
whether  QED  can  actually  produce  an  equation  of 
motion. 


6.  Concluding  remarks 

The  impression  one  gets  from  reading  text  books 
is  that  the  classical  electron  theory  is  in  trouble  due 
to  runaway  solutions  and  acausal  behavior.  How¬ 
ever,  we  have  seen  that  classical  theory  is  actually 
fine  if  the  electron  is  taken  to  be  a  spherical  object 
of  not  too  small  a  radius,  greater  than  the  classical 
electron  radius  re.  The  restriction  is  reasonable 
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since  re  is  about  100  times  smaller  than  the  Comp¬ 
ton  wavelength  X,  and  we  cannot  consider  distances 
less  than  X  without  considering  quantum  mechan¬ 
ics. 

The  nonrelativistic  quantum  theory  also  looks 
fine:  In  fact,  the  quantum  theory  is  better  behaved 
than  the  classical  theory  because  it  is  finite  and 
causal  irrespective  of  the  size  of  the  electron,  as  long 
as  a  =  rJX  <  1.75.  The  inequality  is  certainly  satis¬ 
fied  in  the  real  world  where  a  =  1/137.  The  fact  that 
the  quantum  theory  is  better  behaved  is  also  rea¬ 
sonable  because  the  electron  is  smeared  out  due  to 
the  uncertainty  principle.  The  quantum  theory  as 
reviewed  here  has  the  appropriate  feature  of  having 
the  correct  classical  limit.  However,  the  limit  of 
validity  of  the  nonrelativistic  quantum  analysis  is 
not  really  understood.  The  vanishing  of  the  self¬ 
mass  5 m  in  the  point-particle  limit  must  be  accord¬ 
ingly  interpreted  with  care. 

In  fact,  we  know  that  the  nonrelativistic  treat¬ 
ment  cannot  strictly  be  valid  in  the  point-particle 
limit  because  of  vacuum  polarization.  It  is  reason¬ 
able  that  a  full  QED  calculation  will  be  at  least  as 
well-behaved  as  is  the  case  in  nonrelativistic  quan¬ 
tum  mechanics.  Unfortunately,  there  exists  as 
yet  no  real  calculation  in  QED  to  confirm  these 
conjectures. 
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Abstract 

First  and  stable  laser  oscillation  has  been  obtained  around  a  wavelength  of  24  pm  using  the  Japan  Atomic  Energy 
Research  Institute,  Tokai  (JAERI)  superconducting  RF-linac-based  FEL  driver  and  far  infrared  FEL  device.  The 
electron  beam  energy  and  spread  are  15.8  MeV  and  0.6%,  respectively.  The  beam  current  varies  between  2  and  4  mA,  and 
the  pulse  width  between  0.1  and  0.9  ms,  respectively.  The  near-concentric  optical  resonator  is  14.4  m  long,  and  uses 
gold-coated  copper  mirrors  120  mm  in  diameter.  The  hybrid,  planar  undulator  has  52  periods,  33  mm  in  length  and 
K  =  0.7.  Remote-controlled  actuators  precisely  adjust  the  optical  axes  and  distance  of  the  mirrors  in  order  to  coincide 
with  the  electron  beam  and  micro  pulse  repetition  rate,  respectively,  before  oscillation.  The  power  has  been  measured  and 
is  scattered  from  107  to  108  times  higher  than  that  of  the  spontaneous  emission.  During  the  first  successful  operation,  the 
highest  average  FEL  power  was  measured  to  be  about  a  hundred  watts.  The  FWHM  of  the  FEL  spectrum  is  around  the 
Fourier-transform  limited  value,  and  less  than  0.09  pm,  which  corresponds  to  HsX/X  =  0.37%.  The  detuning  curve  of  the 
cavity  is  asymmetric,  and  spans  about  15  pm.  ©  1999  Published  by  Elsevier  Science  B.V.  All  rights  reserved. 


1.  Introduction 

A  prototype  for  a  quasi-CW  or  very  long-pulse, 
and  high-average  power  free  electron  laser  (FEL) 
driven  by  a  15  MeV  superconducting  RF  linac  has 
been  developed,  and  constructed  at  Tokai,  Japan 
Atomic  Energy  Research  Institute  (JAERI)  starting 
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in  1989  [1-4].  High  performance  in  both  cryogenic 
stand-by  loss  (  <  3.5  W  at  4.5  K)  and  accelerating 
fields  (Eacc  <  8.3  MV/m  and  Q  <  2  x  109)  in  the 
JAERI  superconducting  RF  linac  modules  have 
been  successfully  realized.  A  so-called  zero-boil-off 
and  world-first  transportable  capabilities  without 
any  serious  vibrational  problem  as  achieved  in  the 
JAERI  FEL  accelerator  vault. 

Since  modification  and  related  maintenance  of 
the  cryogenic  refrigerator  system  for  the  driver 
were  completed  in  the  middle  of  October  1995,  the 
system  has  run  with  no  trouble,  and  the  driver  has 
been  continuously  run  very  successfully  up  to  now. 
The  optical  resonator  system  and  related  electron 
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beam  transport  system  were  modified  to  realize 
larger  acceptance  than  previously  for  both  the  un- 
dulator  radiation  and  energetic  electron  beam.  An 
alignment  and  distance  measurement  system  was 
newly  developed,  and  successfully  applied  to  actual 
preparatory  measurements  for  lasing  in  the  JAERI 
FEL.  A  far-infrared  light  transport  line  and  de¬ 
tector  room  was  built  to  realize  a  low-loss  and 
low-noise  measurement  near  the  accelerator  vault 
in  April  1996. 

In  order  to  realize  the  quasi-CW  and  very  long- 
pulse  operation,  we  have  improved  the  electron  gun 
grid-pulsar,  the  high-voltage  power  supply,  and  the 
RF  amplitude  and  phase  control  systems  for  the 
JAERI  superconducting  RF  linac.  The  improve¬ 
ments  in  the  electron  gun  and  those  related  to  the 
RF  system  are  still  under  way. 

Beam  tests  and  commissioning  of  the  JAERI 
superconducting  RF  linac  as  an  FEL  driver  were 
successfully  performed  to  get  an  electron  beam 
ranging  from  10  to  23  MeV  with  a  nearly  full  trans¬ 
mission  and  a  full  current,  and  relatively  short 
macro  pulse  of  0.01  ms.  Strong  and  stable  oscilla¬ 
tion  in  the  wavelength  of  around  24  pm  have  been 
observed  by  using  the  Ge(Cu)  detectors  with 
a  home-made,  fast  current  amplifier  system,  com¬ 
mercially  available  MCT  detectors,  and  thermo¬ 
piles.  As  shown  in  Fig.  1,  a  sudden  increase  of  the 


Fig.  1.  Stable  oscillation  at  a  wavelength  of  around  24  pm.  The 
pulse  duration  is  over  0.4  ms,  the  beam  current  ranging  from 
2  to  4  mA,  and  the  maximum  laser  power  averages  about  a  hun¬ 
dred  watts. 


light  signal  was  observed  a  few  tens  of  micro¬ 
seconds  after  the  onset  of  the  beam  current  pulse. 


2.  Experiment 

Fig.  1  shows  the  first  and  stable  laser  oscillation 
with  the  JAERI  superconducting  RF  linac  based 
FEL.  The  average  current  for  a  macro  pulse  is 
measured  to  be  around  4  mA.  The  lower  trace  of 
the  figure  is  a  far-infrared  light  signal  waveform  of 
a  Ge-Cu  detector.  The  total  cavity  loss  and  the 
FEL  gain  are  scattered  between  1.1%  and  1.9%, 
and  estimated  to  be  from  10%  to  30%,  respectively. 
They  were  obtained  from  decay  and  rising  times  of 
the  output  pulse.  Fig.  2  shows  the  e-beam  current 
signal  in  the  lower  trace  and  FEL  light  output 
signal  of  the  upper  trace  over  a  half  millisecond. 

As  shown  in  Fig.  3,  the  FEL  spectrum  was  mea¬ 
sured  with  a  grating  spectrometer  and  a  commer¬ 
cially  available  pyroelectric  line-sensor  of  64 
channels  located  at  the  focal  plane  during  the  op¬ 
eration.  The  FWHM  of  the  FEL  spectrum  is  less 
than  0.09  pm,  which  corresponds  to  A  A/2  =  0.37%. 
The  tuning  range  of  the  cavity  spans  about  15  pm. 
The  detuning  curve  was  measured  reliably  to  be 
asymmetric,  long-tailed  at  shorter  cavity  lengths, 
and  short-tailed  or  abruptly  cut  off  at  longer  cavity 
lengths. 


Fig.  2.  Electron-beam  current  signal  in  the  lower  trace  and  FEL 
light  output  signal  in  the  upper  trace  over  a  half  millisecond. 
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Fig.  3.  The  FEL  spectrum  was  measured  with  a  grating  spec¬ 
trometer  and  a  commercially  available  pyroelectric  line-sensor 
of  64  channels  fixed  at  the  spectrometer  focal  plane  during  the 
operation.  The  FWHM  of  the  FEL  spectrum  is  less  than 
0.09  pm,  which  corresponds  to  A///,  =  0.37%. 

Stable  laser  oscillation  has  been  obtained  at 
a  wavelength  of  24  jim  using  the  JAERI  supercon¬ 
ducting  RF  linac-based  FEL  driver.  During  the 
first  successful  operation,  the  highest  average  FEL 
power  was  measured  to  be  about  a  hundred  watts. 


The  JAERI  superconducting  RF  linac  operational 
parameters  are  summarized  as  the  following:  (1) 
electron  beam  energy  of  15.8  MeV  from  0.1  to 
0.9  ms,  (2)  beam  current  ranging  from  2  to  4  mA,  (3) 
energy  spread  around  0.6%,  and  (4)  repetition  rate 
10.4125  MHz. 

The  near-concentric  optical  resonator  is  14.4  m 
long,  and  uses  gold-coated  copper  mirrors  120  mm 
in  diameter.  The  hybrid,  planar  undulator  has  52 
periods,  33  mm  in  length  and  K  =  0.7.  Remotely 
controlled  actuators  adjust  the  optical  axes  and  the 
distance  between  the  mirrors  in  order  to  coincide 
with  the  electron  beam  and  micropulse  repetition 
rate,  respectively,  before  oscillation.  The  power  has 
been  measured  and  is  scattered  from  107  to  108 
times  higher  than  that  of  the  spontaneous  emission. 
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Abstract 

A  high-power  electrostatic  free-electron  maser  is  operated  at  various  frequencies.  An  output  power  of  730  kW  at  206 
GHz  is  generated  with  a  7.2  A,  1.77  MeV  electron  beam,  and  360  kW  at  167  GHz  is  generated  with  a  7.0  A,  1.61  MeV 
electron  beam.  It  is  shown  experimentally  and  by  simulations  that,  depending  on  the  electron  beam  energy,  the  FEM  can 
operate  in  single-frequency  regime.  First  experiments  were  done  without  electron  beam  energy  recovery  system,  and  the 
pulse  length  was  limited  to  12  ps.  Nevertheless,  many  aspects  of  generation  of  mm-wave  power  have  been  explored,  such 
as  the  dependency  on  the  electron  beam  energy  and  beam  current  and  cavity  settings  such  as  the  feedback  coefficient.  The 
achieved  parameters  and  the  FEM  dynamics  are  in  good  accordance  with  simulations.  ©  1999  Elsevier  Science  B.V.  All 
rights  reserved. 

PACS:  41.75.H;  41.60.C;  29.17 

Keywords:  Maser;  FEM;  Electron  beam  mm-waves 


1.  Introduction 

The  principal  target  of  present  free-electron  ma¬ 
ser  (FEM)  research  is  the  realization  of  a  source  of 
mm-wave  radiation  of  high  average  power,  high 
system  efficiency,  and  broad  tunability.  The 
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achievement  of  these  targets  may  culminate  in  the 
use  of  FEMs  as  power  sources  for  electron  cyclo¬ 
tron  applications  on  magnetically-confined  plas¬ 
mas  in  future  fusion  research  devices,  such  as  ITER. 
For  such  applications,  power  sources  of  at  least 
1  MW  in  the  frequency  range  from  140  to  200  GHz 
at  a  system  efficiency  of  50%  are  required.  Fast 
tunability  over  a  small  range  and  a  Gaussian  out¬ 
put  beam  would  be  an  advantage. 

A  promising  approach  to  realize  long-pulse  op¬ 
eration  is  the  use  of  electrostatic  beam  acceleration 
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and  deceleration.  In  this  scheme  the  electron  beam 
is  accelerated  to  the  interaction  region,  and  after¬ 
wards  it  is  decelerated  and  collected  in  a  multistage 
depressed  collector.  The  main  beam  power  is  sup¬ 
plied  at  the  collector  side,  i.e.,  at  low  voltage,  while 
the  accelerator  voltage  generator  has  to  supply 
only  the  beam  loss  current.  Consequently,  to  reach 
long-pulse  operation,  the  loss  current  has  to  be 
extremely  low,  in  our  case  of  the  order  of  0.2%. 
This  target  was  reached  successfully  [1]. 

2.  Layout  of  the  Fusion-FEM 

A  description  of  the  Fusion-FEM  experiment  is 
given  in  Ref.  [2].  The  system  basically  consists  of  an 
80-kV  triode  electron  gun,  a  DC  accelerator,  and 
a  mm-wave  cavity  with  the  undulator  [3].  The 
undulator  is  step-tapered  to  enhance  the  electronic 
efficiency;  the  first  20  periods  have  a  field  amplitude 
of  0.2  T  and  the  latter  16  periods  have  a  field 
amplitude  of  0.16  T  [4].  In  a  later  stage  the  DC 
decelerator  and  the  depressed  collector  will  be  ad¬ 
ded.  In  the  experiments  described  here,  the  beam 
recovery  system  was  not  installed.  Consequently, 
the  beam  current  is  fed  from  the  capacitance  of  the 


HV  terminal  (1  nF),  and  thus  the  beam  energy 
(terminal  voltage)  drops  by  1  kV/Abeam/ps. 

In  order  to  limit  electron  beam  losses  a  simple, 
straight  electron  beam  line  is  used  [1].  This  re¬ 
quires  the  mm-wave  beam  to  be  directed  off-axis 
for  outcoupling  and  feedback.  The  mm-wave  cavity 
consists  of  the  operating  waveguide  inside  the  un¬ 
dulator  -  a  rectangular  corrugated  waveguide  with 
a  cross  section  of  15  x  20  mm2  -  and  two  stepped 
waveguides  at  either  side,  see  Fig.  1  [5].  Corrugated 
waveguides  are  used  to  reduce  Ohmic  losses.  In  the 
stepped  waveguides  the  mm-wave  beam  emerging 
from  the  operating  waveguide  splits  into  two  iden¬ 
tical  off-axis  beams.  At  the  position  of  full  separ¬ 
ation,  mirrors  are  placed.  The  backward 
propagating  beams  merge  back  into  one  beam. 
This  way,  a  100%  reflector  is  realized  at  the  up¬ 
stream  side  of  the  undulator.  At  the  downstream 
side  a  similar  system  is  used,  but  here  one  of  the 
mirrors  can  be  shifted  in  longitudinal  direction 
(direction  of  beam  propagation).  Upon  propagat¬ 
ing  backwards,  the  beams  have  a  phase  difference, 
which  results  into  one  on-axis  beam  and  two  off- 
axis  beams.  The  on-axis  beam  is  the  feedback 
power,  the  two  off-axis  beams  are  coupled  out.  By 
adjusting  the  position  of  the  mirror,  the  feedback 


Fig.  1.  Layout  of  the  mm-wave  cavity,  for  details  see  text.  The  diagnostics  system  consists  of  a  fast  semi-conductor  detector  (to  measure 
the  time  structure)  coupled  to  a  mixer  (to  measure  the  frequency),  a  calorimeter  (to  measure  the  mm-wave  power)  and  an  absorption 
sheet  viewed  by  an  IR-camera  (to  measure  the  beam  profile). 
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can  be  varied  between  0%  and  100%.  Frequency 
tuning  of  the  stepped  waveguides  requires  the  up¬ 
per  and  lower  walls  of  the  waveguides  to  be  ad¬ 
justed.  The  operating  waveguide  is  wide  band  and 
does  not  need  any  adjustment.  The  electron  beam 
enters  and  leaves  the  cavity  through  an  opening 
between  the  mirrors  and  follows  a  straight  path. 


3.  mm-wave  power 

Since  the  beam  energy  drops  during  the  pulse, 
the  amplification  band  shifts  across  the  frequency 
band  of  the  cavity.  This  changes  the  characteristics 
of  the  interaction  and  results  in  variations  of  the 
output  power  during  the  pulse. 

A  net  output  power  of  730  kW  was  generated  by 
a  1.77  MeV,  7.2  A  electron  beam,  see  Fig.  2a.  For 


this  beam  energy  single-frequency  operation  was 
reached,  see  Fig.  2b.  For  a  slightly  lower  electron 
beam  energy  the  mm-wave  output  power  showed 
to  be  more  chaotic,  see  Fig.  2c.  As  seen  in  Fig.  2d, 
several  frequencies  are  generated,  and  the  output 
power  strongly  fluctuates  on  a  short-time  scale. 
Note  that  in  both  cases  the  frequency  locks  to 
specific  values,  i.e.,  the  frequency  does  not  follow 
the  electron  beam  energy. 

The  FEM  was  also  operated  at  161  GHz  for  an 
electron  beam  energy  around  1.65.  Fig.  3a  and  b 
show  the  mm-wave  output  power  for  a  1.61  MeV, 
7.1  A  electron  beam  (single  frequency),  and  for 
a  1.59  MeV,  7.0  A  electron  beam  (multi  frequency), 
respectively.  At  these  frequencies,  around  160  GHz, 
in  principle  a  similar  behavior  is  observed  with 
single  or  multi-frequency  beams,  depending  on  the 
electron  beam  energy  with  respect  to  the  cavity 


Fig.  2.  Single-frequency  mm-wave  output  power,  Pmmw,  for  a  1.77  MeV,  7.2  A  electron  beam  (a),  and  the  corresponding  frequency 
spectrum,  shifted  over  205.7  GHz  (b).  Multi-frequency  mm-wave  output  power  for  a  1.76  MeV,  7.2  A  electron  beam  (c),  and  the 
corresponding  frequency  spectrum,  shifted  over  205.7  GHz  (d).  The  electron  beam  starts  at  t  =  0. 
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Fig.  3.  mm-wave  output  power  around  160  GHz,  Pmmw,  for  a  1.61  MeV,  7.1  A  electron  beam  (single  frequency)  (a),  and  for  a  1.59  MeV, 
7.0  A  electron  beam  (multi  frequency)  (b). 


frequency  band.  In  this  case  the  output  power  is 
lower,  which  is  due  to  high  losses  in  the  present 
undulator  waveguide.  Presently,  a  new  waveguide 
is  under  construction. 

4.  Comparison  between  experiments  and 
simulations 

The  experiments  show  that  the  temporal  dynam¬ 
ics  of  the  mm-wave  output  beam  strongly  depend 
on  the  electron  beam  energy.  For  specific  beam 
energies  a  single-frequency  output  beam  is  gener¬ 
ated  while  for  only  slightly  different  electron  beam 
energies,  of  the  order  of  a  few  keV  lower,  mm-wave 
beams  are  generated  which  contain  various  fre¬ 
quencies  and  show  strong  power  fluctuations  on 
a  short-time  scale. 

These  phenomena  are  connected  with  the  over¬ 
lap  between  the  amplification  band,  which  depends 
on  the  electron  beam  energy,  and  the  frequency 
band  of  the  cavity.  The  width  of  the  amplification 
band  is  of  the  order  of  5  GHz  while  the  width  of  the 
cavity  frequency  band  is  of  the  order  of  15  GHz. 
When  the  amplification  band  overlaps  with  the 
higher  frequency  part  of  the  cavity  frequency  band, 
the  following  process  takes  place.  Firstly,  a  number 
of  longitudinal  modes  (frequencies)  grow  from 
noise  to  a  certain  level  in  the  linear  amplification 
regime.  In  this  regime  there  is  no  interaction  be¬ 
tween  the  various  longitudinal  modes.  During  the 
pulse  the  electron  energy  drops  and  thus  the  ampli¬ 
fication  band  shifts  towards  lower  frequencies.  If 


the  amplification  band  is  still  in  the  cavity  fre¬ 
quency  band,  the  mm-wave  power  grows  further 
and  reaches  the  non-linear  regime.  Then  mode 
competition  takes  place  and  the  mode  with  the 
highest  gain  grows  on  the  expense  of  other  modes. 
After  some  time,  typically  a  few  ps,  only  one  mode 
survives.  As  shown  in  Fig.  2b  and  d  the  output 
beam  locks  to  a  specific  frequency  and  does  not 
follow  the  drop  of  the  electron  beam  energy.  Conse¬ 
quently,  when  the  amplification  band  shifts  further 
towards  lower  frequencies,  the  power  decreases 
since  the  amplification  for  this  mode  gets  lower. 
The  mode  dies  out  and  a  new  mode  can  be  excited, 
at  a  lower  frequency,  which  again  grows  to  high 
power  and  than  dies  out.  The  frequency  step  from 
one  mode  to  the  next  one  is  of  the  order  of  the 
width  of  the  amplification  band.  A  simulation  re¬ 
sult  of  this  process  is  shown  in  Fig.  4a. 

Another  situation  occurs  when  the  amplification 
band  overlaps  with  the  lower  frequencies  of  the 
cavity  band.  In  this  case  the  interaction  time  is 
much  shorter,  and  the  feedback,  which  is  fre¬ 
quency-dependent,  is  lower.  Consequently,  the 
mm-wave  power  does  not  reach  the  non-linear  re¬ 
gime  and  a  number  of  modes  occur  in  the  output 
beam.  Since  there  is  no  mode  competition,  there  is 
no  mode  which  suppresses  other  modes.  The  out¬ 
put  beam  contains  several  frequencies  and  the 
power  fluctuates  strongly.  A  simulation  result  of 
this  situation  is  shown  in  Fig.  4b.  A  more  detailed 
explanation  on  mode  competition  and  power 
built-up  can  be  found  in  an  accompanying 
paper  [6]. 
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Fig.  4.  Simulation  results  for  two  different  values  of  the  electron  beam  energy  at  the  start  of  the  pulse.  Other  parameters  are  identical: 
beam  current  of  7.2  A  and  a  feedback  coefficient  of  0.55.  In  (a)  the  situation  is  shown  for  a  high  electron  beam  energy  and  the 
amplification  band  overlaps  with  the  higher  frequencies  of  the  cavity  frequency  band.  In  (b)  the  amplification  band  overlaps  with  the 
lower  frequencies  of  the  cavity  frequency  band. 


5.  Conclusions 

The  Fusion-FEM  generates  730  kW  of  mm-wave 
power  at  200  GHz,  with  a  7.2  A,  1.77  MeV  electron 
beam.  The  start-up  time  of  the  mm-wave  beam 
agrees  well  with  simulations.  For  this  frequency  the 
electronic  efficiency  is  5.7%,  which  is  slightly  higher 
than  expected.  These  results  were  obtained  with 
low  cavity  losses.  For  another  setting,  with  higher 
cavity  losses,  the  output  power  is  lower.  Around 
160  GHz  380  kW  of  output  power  is  generated  by 
a  7.2  A  electron  beam.  Although  the  cavity  losses 
are  frequency  dependent,  for  all  cases  the  process  of 
power  built-up  and  mode  competition  is  similar; 
depending  on  the  electron  beam  energy  at  the  start 
of  the  pulse,  either  a  high  power,  single-frequency 
output  beam  is  generated,  or  a  strongly  fluctuating 
multi-frequency  beam  is  generated. 
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Abstract 

A  Cherenkov  FEL  with  an  annular  electron  beam  has  been  succesfully  operated.  During  the  first  lasing  experiments 
output  was  found  for  accelerating  voltages  ranging  from  85  to  150  kV  and  currents  from  1  to  10  A.  At  a  particular 
accelerating  voltage  lasing  was  observed  for  several  distinct  settings  of  the  magnetic  field  (0.7- 1.6  T).  This  field  is  used  to 
compress  and  guide  the  electron  beam  along  the  dielectric  liner.  Depending  on  the  magnetic  field  setting,  the  output  was 
reproducible  or  showed  large  fluctuations  within  a  single  laser  pulse  as  well  as  from  pulse  to  pulse.  Due  to  a  misalignment 
of  the  cathode  the  total  output  power  is  only  of  the  order  of  100  W.  From  theoretical  considerations  the  spectrum  is 
expected  to  center  around  19  GHz.  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  41.60.Cr;  41.60.Bq;  07.57.Hm 

Keywords:  Cherenkov  FEL;  Waveguide;  Simulations;  Dielectric  liner 


1.  Introduction 

A  Cherenkov  FEL  (CFEL)  is  capable  of  generat¬ 
ing  coherent  radiation  in  the  millimeter  and  sub¬ 
millimeter  wavelength  region  at  moderate  electron 
beam  energies  (100-500  kV).  The  Cherenkov  FEL 
is  a  slow-wave  device  as  the  phase  velocity  of  the 
radiation  field  is  reduced  by  a  dielectric  medium  to 
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below  the  speed  of  light  in  vacuum.  Though  the 
radiation  field  is  basically  confined  to  the  dielectric 
medium,  it  has  an  evanescent  part  outside  the  di¬ 
electric  which  allows  an  electron  beam  to  couple 
with  the  radiation  field.  Though  the  CFEL  has 
been  investigated  in  different  configurations  [1-5], 
this  is  the  first  Cherenkov  FEL  with  the  aim  to 
achieve  a  high  average  power  (  ~  1  kW  at  the 
longer  wavelengths).  In  this  CFEL  a  cylindrical 
waveguide  with  a  dielectric  liner  is  used.  As  the 
radiation  field  decays  approximately  exponentially 
on  the  scale  of  the  radiation  wavelength  the  elec¬ 
tron  beam  has  to  move  closely  to  the  liner  and  an 
annular  instead  of  a  solid  electron  beam  results  in 
a  better  coupling  between  radiation  field  and  elec¬ 
tron  beam. 
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2.  Experimental  setup 

The  experimental  layout  of  the  CFEL  has  been 
described  previously  [6].  The  magnetic  field  re¬ 
quired  for  beam  compression  and  guidance  is 
produced  by  a  superconducting  solenoid  [7].  The 
current  setup  uses  a  cylindrical  waveguide  with  an 
inner  diameter  of  14  mm  and  is  lined  with 
A1203  (er  «  10)  of  1.5  mm  thickness  and  a  length  of 
40  cm.  The  rest  of  the  design  parameters  are  sum¬ 
marized  in  Table  1  together  with  the  values  used  to 
obtain  first  lasing.  The  waveguide  is  tapered  from 
a  diameter  of  14  mm  to  a  diameter  of  30  mm  just 
after  the  liner.  The  taper  is  designed  to  have  a  re¬ 
flectivity  of  less  than  0.1%  and  a  parasitic  mode 
suppression  of  better  than  20  dB  [8].  This  allows 
the  electron  beam  to  expand  in  the  diverging  mag¬ 
netic  field  before  it  is  lost  on  the  beam  dump  while 
the  mode  of  the  radiation  field  is  preserved.  Expan¬ 
sion  of  the  electron  beam  is  required  to  limit  the 
energy  deposition  on  the  beam  dump.  A  thin  mylar 
foil  is  used  as  a  vacuum  window  and  the  open  end 
of  a  cylindrical  waveguide  (30  mm  diameter)  is  used 
as  an  outcouple  horn  in  these  preliminary  experi¬ 
ments.  Reflections  at  the  vacuum  window  and/or 
outcouple  horn  are  very  small  and  therefore  the 
laser  is  configured  as  an  amplifier  starting  from 
noise.  The  gap  between  electron  beam  and  dielec¬ 
tric  liner,  i.e.,  Rdiel.  -  Rhe am,  is  only  0.5  mm.  There¬ 
fore  the  waveguide,  superconducting  magnet  and 
cathode  should  be  carefully  aligned.  Especially,  the 
cathode  proved  to  be  difficult  to  align.  When  the 
complete  system  was  considered  to  be  aligned  only 
80%  of  the  emitted  current  was  transported  along 
the  dielectric  liner  and  collected  at  the  beam  dump. 


Table  1 

Main  system  parameters,  the  symbols  have  the  usual  meaning 


Design 

First  lasing 

(kV) 

200-500 

100-150 

Ibeam  (A) 

30-100 

1-15 

Kbeam  (mm) 

5 

<5.5 

Theaw  (pis) 

10 

10 

Rep.  rate  (Hz) 

<  10 

3 

Rdiei.  (mm) 

Rb  +  0.5 

5.5 

ddieL  (mm) 

0.25-1.5 

1.5 

B( T) 

<  2.5  T 

08-1.75  T 

The  remaining  20%  of  the  beam  was  lost  in  the 
waveguide  wall  before  the  dielectric  liner.  It  turned 
out  that  this  was  due  to  a  small  misalignment  of  the 
cathode  with  respect  to  the  waveguide.  The 
mounting  of  the  cathode  will  be  modified  to  pro¬ 
vide  better  alignment  capabilities.  The  operating 
frequency  is  determined  by  the  beam  accelerating 
voltage  and  the  waveguide  dispersion  character¬ 
istics  [9].  With  the  current  parameters  (and  a 
perfectly  centered  electron  beam),  numerical  simu¬ 
lations  show  that  the  TM01  mode  at  about  19  GHz 
is  the  dominant  mode. 


3.  Results  and  discussion 

Despite  the  fact  that  part  of  the  beam  was  lost  in 
the  waveguide  wall  before  the  liner,  the  quality  of 
the  remaining  part  of  the  beam  was  sufficient  to 
observe  output  for  different  voltages  (85-150  kV) 
and  different  settings  of  the  longitudinal  magnetic 
field  strength.  As  the  CFEL  mechanism  is  based  on 
a  longitudinal  interaction,  the  strength  of  the  mag¬ 
netic  guide  field  is  not  expected  to  have  a  substan¬ 
tial  influence  on  the  process.  In  this  configuration 
however,  the  spread  in  longitudinal  momentum 
that  the  electron  beam  acquires  during  compres¬ 
sion  is  greatly  affected  by  the  magnetic  field.  For 
example  at  Fbeam  =  126  kV  output  was  found  for 
B  around  1.55  (  ±  5%),  1.28  (  ±  5%)  (see  Fig.  1)  and 


T(ms) 
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Fig.  1.  Example  of  stable  output  where  output  power  (as  mea¬ 
sured  by  the  detector)  follows  oscillations  in  current.  The  total 
output  power  amounts  to  approximately  40  W. 
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0.75  T  (  >  5%).  For  this  voltage  setting  the  optimal 
magnetic  field  as  obtained  from  orbit  calculations, 
should  be  around  1.28  T.  At  a  field  strength  of  1.28 
T  the  radial  mode  structure  is  measured  to  be 
corresponding  to  the  expected  TM0i  mode  (see 
Fig.  4)  for  a  Cherenkov  interaction.  Not  enough 
data  is  available  for  the  other  two  field  strengths  to 
decide  on  the  type  of  interaction,  which  may  in¬ 
clude  cyclotron-like  interactions.  This  will  be 
a  point  of  further  investigation.  The  output  was 
measured  using  a  standard  gain  horn  mounted  on 
a  waveguide  diode  detector  operating  in  the  fre¬ 
quency  range  18-26.5  GHz.  The  spectral  distribu¬ 
tion  of  the  radiation  will  be  measured  in  future 
experiments.  In  general,  the  transmitted  current  is 
reduced  (about  60%  instead  of  around  80%)  and 
less  stable  for  low  values  of  the  magnetic  field  as 
can  be  seen  in  Fig  2.  Also  the  laser  output  was 
rather  unstable.  For  values  in  between,  no  output 
could  be  observed.  The  transmitted  current  was 
about  8.5  A  at  the  higher  magnetic  field  settings 
(80%  transmission).  The  cathode  was  operated  in 
the  space-charge  limited  regime.  An  example  of 
unstable  output  at  a  lower  magnetic  field  setting  is 
shown  in  Fig.  2  for  an  accelerating  voltage  of  146 
kV.  As  shown  by  Fig.  3  only  a  small  current  of 
about  1  A  was  required  in  order  to  distinguish  the 
laser  output  from  the  background  noise 
(Fbeam  =  135  kV  and  B  =  0.746  T).  Here  the  cath¬ 
ode  was  operated  in  the  temperature  limited  re¬ 
gime.  In  all  mentioned  cases  emitted  radiation  was 


T(hs) 

Fig.  3.  Measured  detector  signal  at  low  current  ( IT  &  1  A). 


Fig.  4.  Angular  distribution  of  emitted  radiation.  Measurement 
conditions  are  the  same  as  in  Fig.  1. 
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Fig.  2.  Example  of  unstable  detector  signal  where  large  fluctu¬ 
ations  in  power  are  observed  within  a  single  pulse  as  well  as  from 
pulse  to  pulse. 


observed  over  the  full  flat  part  of  the  accelerating 
voltage  (which  is  about  8  ps).  However,  by  tuning 
the  magnetic  field  shorter  pulses  could  also  be 
found.  The  emitted  radiation  pattern  has  been  mea¬ 
sured  as  well  in  the  horizontal  plane  and  is  similar 
to  the  expected  mode  (TM0i)  of  operation  (see 
Fig.  4).  Here  (j)  is  the  angle  with  respect  to  the  axis 
of  the  waveguide  in  the  horizontal  plane.  The  re¬ 
ceiving  horn  was  positioned  at  a  distance  of  0.942 
m  from  the  outcouple  horn  and  has  an  aperture  of 
19.24  cm2.  So  far  measurements  were  only  per¬ 
formed  in  the  horizontal  plane.  Assuming  cylin¬ 
drical  symmetry  this  pattern  can  be  integrated  to 
obtain  the  total  emitted  power.  The  total  power 
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thus  obtained  is  about  40  W.  This  level  was  con¬ 
firmed  by  a  preliminary  energy  measurement  using 
a  Joule  meter  [10].  For  this  value  of  the  beam 
current,  a  numerical  model  shows  that  the  length  of 
the  interaction  region  is  not  long  enough  to  reach 
saturation.  However,  the  measured  power  is  much 
lower  than  the  level  of  about  30  kW  that  this  model 
predicts  at  19  GHz  using  an  interaction  length  of  40 
cm.  This  is  to  be  expected  as  the  longitudinal  posi¬ 
tion  of  the  superconducting  magnet  has  not  been 
optimised  yet,  and  coupling  of  the  electron  beam  to 
the  radiation  field  is  reduced  due  to  the  fact  that,  at 
this  moment,  the  electron  beam  is  not  coaxial  with 
the  waveguide. 


4.  Summary 

To  summarize,  a  small  current  of  approximately 
1  A  was  already  sufficient  to  observe  output  radi¬ 
ation  above  the  background  noise.  This  current 
was  produced  by  temperature-limited  operation  of 
the  cathode.  By  switching  to  space-charge  limited 
emission,  the  transmitted  current  increased  to 
about  8.5  A  at  126  kV  accelerating  voltage.  A  total 


emitted  power  of  40  W  was  observed  in  a  donut  like 
mode. 
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Abstract 

The  Darmstadt  cw  FEL  designed  for  wavelengths  between  3  and  10  pm  driven  by  the  superconducting  electron 
accelerator  S-DALINAC  first  lased  on  December  1st,  1996  and  has  operated  thereafter  successfully  in  the  wavelength 
region  between  6.6  and  7.8  pm.  The  pulsed  electron  beam  employed  had  a  micro  pulse  length  of  about  2ps,  with 
a  repetition  rate  of  10  MHz  and  a  peak  current  of  2.7  A  while  its  energy  was  varied  between  29.6  and  31.5  MeV.  A  wedged 
pole  hybrid  undulator,  with  80  periods  each  of  0.032  m  length  and  a  magnetic  field  strength  of  0.1 5-0.4  T,  was  located  in 
between  a  15.01  m  long  optical  cavity  equipped  with  two  high  reflectivity  (99.8%)  mirrors  of  0.05  m  diameter.  Due  to  the 
low  beam  current  special  care  with  respect  to  the  electron  and  optical  beam  properties  was  necessary  to  meet  the 
stringent  conditions  in  order  to  reach  a  minute  small  signal  gain  of  at  least  a  few  percent  resulting  in  amplification. 
Saturation  was  obtained  after  about  2000  repetitions  of  the  photon  pulse  inside  the  cavity.  The  Darmstadt  FEL 
experiment  is  unique  with  respect  to  its  variable  electron  beam  macro  pulse  structure  and  it  is  thus  the  first  linac-based 
FEL  providing  a  cw  photon  beam.  First  experiments  using  the  FEL  were  performed  for  characterizing  laser  light 
parameters  as  well  as  for  tissue  ablation.  Macropulse  lengths  of  4-8  ms  at  an  average  outcoupled  power  of  100  mW 
corresponding  to  a  peak  power  density  of  100  MW/cm2  at  a  beam  spot  of  150  pm  were  employed  to  investigate  the 
thermal  ablation  of  bovine  cornea.  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 


1.  Introduction 

The  Darmstadt  free  electron  laser  experiment  is 
tailored  around  the  superconducting  electron  ac¬ 
celerator  S-DALINAC  that  has  gone  into  opera¬ 
tion  in  1991.  It  was  designed  especially  to  serve  the 
needs  of  nuclear  physics  experiments  and  it  thus 
provides  a  cw  electron  beam  up  to  130  MeV  with 
an  average  beam  current  of  60  pA  at  a  micro  pulse 
repetition  rate  of  3  GHz.  It  is  its  interesting  cw 
feature  that  initiated  the  design  and  construction  of 
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the  free  electron  laser  providing  accordingly  a  cw 
photon  beam. 

The  existing  accelerator  concept  was  modified 
with  respect  to  the  electron  gun  and  the  room  tem¬ 
perature  injection  in  order  to  provide  pulses  with 
a  length  of  2  ps  and  a  peak  current  of  2.7  A.  With 
electron  energies  between  25  and  50  MeV  provided 
immediately  behind  the  main  linac  a  hybrid  undula¬ 
tor  and  a  nearly  concentric  optical  cavity  with  di¬ 
electric  mirrors  the  photon  wavelength  region  falls 
between  3  and  10  pm.  The  Darmstadt  FEL  experi¬ 
ment  is  after  Stanford  [1]  the  second  one  using  a 
superconducting  accelerator  and  the  first  in  Europe. 

In  the  present  paper  we  report  on  the  design 
and  commissioning  of  the  FEL.  In  Section  2  the 

I.  FIRST  LASINGS 
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accelerator  and  the  FEL  are  described  but  we  men¬ 
tion  only  the  main  aspects  referring  to  earlier  publi¬ 
cations  for  details  [2,3].  The  commissioning  of  the 
FEL  is  subject  of  Section  3  while  a  number  of 
performance  tests  are  summarized  in  Section  4, 
which  is  followed  by  the  conclusion  given  in  Sec¬ 
tion  5. 


2.  Layout  of  the  FEL 

The  layout  of  the  accelerator  (Fig.  1)  illustrates 
its  principle  of  operation.  The  electron  gun  (1)  is 
located  on  a  high  voltage  terminal  of  250  kV  and 
emits  bunches  with  a  width  of  1  ns  at  a  repetition 
rate  of  10  MHz  (the  300th  subharmonic  of  the 
accelerator’s  RF  frequency  of  3  GHz)  for  FEL 
operation.  In  the  chopper/prebuncher  section  (2) 
the  electron  bunches  are  first  compressed  to  370  ps 
by  the  600  MHz  subharmonic  chopper  and  then  to 
a  width  of  5ps  by  the  subharmonic  prebuncher. 
Acceleration  of  the  beam  up  to  10  MeV  is  achieved 
by  a  2-cell  (fi  =  0.85)  and  a  5-cell  (/?  =  1)  supercon¬ 
ducting  capture  cavity  and  two  20-cell  supercon¬ 
ducting  acceleration  cavities  (3).  After  passing  the 
180°  arc  (4)  compressing  the  bunches  to  a  width  of 
2  ps  magnetically  the  beam  enters  the  40  MeV  main 
linac  (5)  consisting  of  eight  20-cell  superconducting 
cavities.  When  leaving  the  main  linac  the  beam  can 
either  be  extracted  to  serve  a  number  of  nuclear 
physics  experiments  or  it  can  be  recirculated  and 
reinjected  to  the  main  linac  once  or  twice  by  the 
appropriated  beam  transport  system. 

The  FEL  (7-10)  is  located  at  the  bypass  of  the 
first  recirculation  and  is  shown  in  detail  in  Fig.  2. 
The  electron  beam  enters  the  FEL  area  (Fig.  2) 
traveling  down  (from  right  to  left)  the  straight  sec¬ 
tion  of  the  first  recirculating  beamline  of  the  S- 
DALINAC.  An  achromatic  beam  transport  system 
(1)  consisting  of  two  dipole  and  three  quadrupole 
magnets  translates  the  electron  beam  onto  the  axis 
of  the  optical  cavity.  A  fourth  quadrupole  behind 
the  second  dipole  is  needed  for  a  final  matching  of 
the  electron  beam  to  the  undulator  (2).  After  pas¬ 
sing  the  undulator  the  electron  beam  is  guided  by 
the  refocusing  system  (3)  to  the  beam  dump  (4). 
For  the  determination  of  the  electron  bunch  length 


a  diagnostics  station  (5)  is  installed  behind  the 
undulator.  The  measurement  of  the  electron-beam 
energy  spread  using  optical  transition  radiation 
(OTR)  is  performed  behind  the  third  dipole  (6).  The 
spontaneous  radiation  emitted  by  the  electrons  hits 
the  downstream  cavity  mirror  (7)  where  it  is  reflec¬ 
ted  back  and  focussed  through  the  undulator  to  hit 
the  upstream  cavity  mirror  (8). 

The  undulator  was  designed  in  close  collabora¬ 
tion  with  the  manufacturer1  and  resulted  in  a  hy¬ 
brid  configuration  [4]  with  cobalt-samarium 
permanent  magnets  and  w edged  pole  pieces  made 
from  vanadium  permendur. 

The  concept  of  the  optical  cavity  was  changed 
with  respect  to  our  earlier  work  [2-7]  in  order  to 
have  a  strong  overlap  of  the  optical  mode  and  the 
electron  beam  in  the  front  and  end  region  of  the 
undulator  as  well  as  in  its  central  part.  The  radii  of 
curvature  of  the  cavity  mirrors  were  therefore  in¬ 
creased  to  R1  =  R2  =  8.50  m  leading  to  a  less  di¬ 
vergent  optical  mode  resulting  in  losses  of  0.9%  per 
round  trip  only  using  mirrors  of  99.8%  reflectivity. 

The  dielectric  resonator  mirrors2  are  capable  to 
reflect  within  the  wavelength  range  from  about 
±  25%  around  the  central  wavelength.  During  the 
experiment  two  different  mirror  sets  were  used,  one 
with  two  high  reflecting  mirrors  having  a  reflectiv¬ 
ity  of  99.8%  and  a  second  with  one  high  reflector 
and  an  outcoupling  mirror  with  a  reflectivity  of 
99%.  Table  1  contains  the  main  parameters  of  the 
Darmstadt  FEL  experiment. 


3.  Commissioning  of  the  FEL 

The  electron  beam  diagnosis  was  performed  us¬ 
ing  transition  radiation  that  originates  from  the 
interaction  of  electrons  with  thin  aluminium  foils 
placed  at  appropriate  positions  within  the  beam 
line.  Thus,  parameters  as  size,  emittance,  energy 
spread  and  bunch  length  would  be  deduced.  The 
obtained  electron  distribution  is  shown  in  Fig.  3.  It 
yields  in  this  particular  case  a  bunch  length  of 
(3.3  +  0.3)  ps  and  a  peak  current  of  (1.3  ±  0.3)  A  is 


1  Spectra  Technology  Inc.,  Bellevue,  WA,  USA. 

2  Delivered  by  II-VI  Inc.,  Saxonburg,  PA,  USA. 
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Fig.  1 .  Layout  of  the  accelerator  and  the  FEL.The  numbers  stand  for:  (1)  electron  gun,  (2)  chopper/prebuncher  section,  (3)  injector  linac, 
(4)  180°  arc,  (5)  diagnostics  station,  (6)  main  linac,  (7)  undulator,  (8)  diagnostics  station,  (9)  and  (10)  optical  tables. 
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Fig.  2.  Beam  transport  system  of  the  FEL.  Numbers  denote:  (1)  achromatic  bypass,  (2)  undulator,  (3)  refocusing  system,  (4)  beam  dump, 
(5)  diagnostic  station,  (6)  OTR  station,  (7)  downstream  optical  mirror  and  (8)  upstream  optical  mirror. 


Table  1 

S-DALINAC  and  FEL  properties 


Electron  beam 


Electron  energy 

25-50 

MeV 

Average  current 

60 

gA 

Peak  current 

2.7 

A 

Repetition  rate 

10 

MHz 

Operation  mode 

cw 

Undulator  and  cavity 

Number  of  periods 

80 

Wavelength 

3.2 

cm 

Undulator  strength 

0.45-1.12 

Cavity  length 

15 

m 

g-value 

120 

Laser 

Wavelength 

3-10 

pm 

Small  signal  gain 

3-5 

% 

Pulse  energy 

300 

nJ 

determined  behind  the  undulator.  It  should  be 
mentioned  that  this  refers  only  to  the  lower  limit  of 
the  peak  current,  since  possible  additional  power 
losses  in  the  power  spectrum  not  noticed  in  the 
efficiency  calculation  would  result  in  a  smaller 
bunch  length  and  thus  a  larger  peak  current. 

The  Q-value  of  the  optical  cavity  was  determined 
by  measuring  the  decay  of  the  spontaneous  emis¬ 
sion  intensity  stored  in  the  optical  cavity.  This  was 
accomplished  using  the  pulsed  operation  mode  of 
the  S-DALINAC.  It  enables  to  switch  off  the  elec¬ 
tron  beam  within  two  successive  electron  bunches. 
Fig.  4  exhibits  that  this  procedure  leads  to  an  ex¬ 
ponential  decay  of  the  intensity  of  the  stored  spon¬ 
taneous  emission.  It  was  achieved  by  triggering  an 
oscilloscope  on  the  falling  edge  of  the  electron  mac¬ 
ropulse  and  observing  the  total  intensity  of  the 
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Fig.  3.  Reconstructed  electron  distribution.  Values  below  —  3 
ps  and  above  9  ps  are  not  displayed.  The  solid  line  represents 
a  fit  of  a  parabolic  distribution  to  the  data  points  which  yields 
a  FWHM  of  3.3  ps. 


Fig.  4.  Decay  of  the  spontaneous  emission  after  switching  off  the 
electron  macro  pulse  (triangles)  and  similar  for  the  case  in  which 
the  photon  intensity  is  stored  inside  the  optical  cavity  (circles). 
The  experimental  resolution  is  indicated  by  the  dashed  curve. 
The  solid  line  represents  a  fit  of  an  exponential  to  the  data  points 
which  allows  to  extract  the  Q  value  of  the  optical  cavity  as 
described  in  the  text. 

spontaneous  emission  for  the  aligned  optical  cavity 
simultaneously.  The  time  constant  of  the  electronic 
data  collection  system  of  the  setup  was  determined 
by  bypassing  the  DS  resonator  mirror  with  a  tilting 
mirror  inside  the  vacuum  chamber  and  performing 
the  same  measurement.  For  the  calculation  of  the 
Q  value  this  time  constant  was  taken  into  account. 
Using  two  high  reflecting  resonator  mirrors 
a  Q  value  of  120  was  obtained,  the  combination  of 
a  high  and  a  low  reflector  yields  a  Q  value  of  60. 


4.  First  lasing 

The  first  startup  of  the  S-DALINAC  FEL  was 
observed  on  December  1st  1996  for  electrons  with 


Fig.  5.  Spontaneous  emission  spectrum  (dashed  line,  left  scale) 
and  first  laser  startup  of  the  S-DALINAC  FEL  (solid  line,  right 
scale).  Note  the  spectrum  of  spontaneous  emission  is  multiplied 
by  a  factor  of  107. 

an  energy  E0  of  30.4  MeV  and  an  undulator  K  of 
1.12  resulting  in  a  laser  wavelength  of  7.4  pm.  After 
matching  the  electron  beam  to  the  undulator  and 
optimizing  the  bunch  length  the  cavity  was  finally 
adjusted  by  slightly  tilting  the  cavity  mirrors.  With 
a  Q  >  100  the  length  of  the  optical  resonator  was 
adjusted.  The  build  up  of  the  light  power  by 
some  orders  of  magnitude  indicated  the 
correct  cavity  length.  The  net  gain,  however,  was 
only  of  the  order  of  0.5%  which  clearly 
indicates  the  difficulties  for  commissioning  of  the 
S-DALINAC  FEL  since  its  parameter  set  allows 
only  very  small  variances  from  the  optimum  value. 
By  slightly  optimizing  the  electron  beam  para¬ 
meters  the  expected  gain  of  a  factor  107  in  the 
power  level  could  be  achieved.  A  more  comfortable 
net  gain  between  3%  and  5%  was  established  this 
way  also  at  a  later  attempt. 

The  spectra  of  spontaneous  and  stimulated  emis¬ 
sion  (Fig.  5)  reveal  the  power  gain.  The  power 
calibration  was  performed  directly  behind  the  mon- 
chromator  but  at  the  total  beam  intensity  using 
a  HgCdTe  detector  for  spontaneous  emission  and 
a  thermopile  laser  power  meter  for  the  laser  beam. 

The  saturation  power  of  the  FEL  was  deter¬ 
mined  using  a  power  meter  situated  on  the  optical 
tables  at  both  ends  of  the  resonator.  In  the  resona¬ 
tor  setup  with  one  outcoupling  mirror  ( R  =  99.0%) 
and  one  high  reflective  mirror  ( R  =  99.8%)  we 
measured  a  laser  power  of  2.0  W  through  the  out- 
coupling  mirror  and  0.24  W  through  the  high  re¬ 
flective  mirror  during  the  macropulse  with  an 
electron  beam  of  30  MeV  and  60  pA. 
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Fig.  6.  CCD  image  of  the  electron  beam  image  recorded  behind 
the  undulator  in  case  of  an  ordinary  electron  beam  without 
lasing  (upper  photo)  and  in  the  case  of  lasing  (center  part).  The 
intensity  deduced  by  means  of  a  frame  grabber  is  displayed  in 
the  lower  part  for  the  nonlasing  (squares)  and  the  lasing  (circles) 
case. 


To  detect  the  energy  loss  of  the  electron  beam  the 
energy  distribution  behind  the  undulator  with  and 
without  laser  operation  was  determined.  Two  dif¬ 
ferent  beam  spots  are  shown  in  the  upper  and 
middle  part  of  Fig.  6.  Electrons  with  higher  energies 
can  be  found  on  the  right  side,  those  with  lower 
energies  on  the  left  side  of  the  foil.  The  upper  image 
displays  the  ordinary  beam  spot  with  no  lasing 
resulting  in  the  symmetric  energy  distribution 
shown  in  the  lower  part. 

When  the  laser  is  turned  on,  the  electron  beam 
shape  changes:  some  electrons  gain  energy  during 
their  pass  through  the  undulator,  but  most  of  the 
electrons  lose  power  which  they  supply  to  the  laser 
field.  Fig.  6  shows  at  the  bottom  the  projection  of 
the  electron  distribution  onto  the  energy  axis.  The 


center  of  mass  of  the  energy  spectrum  during  laser 
operation  is  shifted  to  lower  energies  compared  to 
the  spectrum  without  laser  operation.  For  the  elec¬ 
tron  beam  with  60  pA  current  and  30  MeV  electron 
energy  the  total  beam  power  is  1.8  kW.  Since  elec¬ 
tron  energy  and  beam  power  are  proportional 
the  observed  relative  energy  loss  of  0.14%  corres¬ 
ponds  to  a  power  loss  of  2.5  W  in  the  electron 
beam.  This  is  in  fair  agreement  with  the  measured 
laser  power. 

Wavelengths  between  6.6  and  7.8  pm  were 
achieved  by  using  undulator  K-values  between  0.97 
and  1.12  and  electron  beam  energies  between  29.6 
and  31.4  MeV.  The  tunability  is  limited  by  several 
machine  parameters:  The  electron  energy  generated 
by  the  accelerator  was  varied  only  in  a  range  of 
+  1  MeV.  Larger  changes  would  demand  a  com¬ 
pletely  new  steering  of  the  electron  beam  through 
the  accelerator.  Furthermore,  it  should  be  men¬ 
tioned  that  the  use  of  dielectric  mirrors  causes 
a  limitation  to  wavelengths  between  6.5  and  8.5  pm 
due  to  the  reflectivity  characteristics  of  these  mir¬ 
rors.  Finally,  changes  of  the  undulator  gap  also 
affect  the  small  signal  gain.  This  determines  the 
lower  edge  of  the  undulator  K. 


5.  Conclusion 

The  Darmstadt  FEL  project  has  succeeded  in 
providing  a  cw  laser  beam  in  the  wavelength  region 
between  6.6  and  7.8  pm.  Due  to  the  special  feature 
of  the  superconducting  accelerator  delivering  an 
electron  pulse  of  arbitrary  selectable  macro  pulse 
length  a  laser  beam  with  the  according  time  struc¬ 
ture  has  become  available.  The  output  power 
amounts  to  3  W.  Using  dielectric  mirrors  with  dif¬ 
ferent  reflectivity  regions  the  Darmstadt  FEL  will 
provide  photons  in  the  wavelength  region  between 
3  and  10  pm  in  the  future.  First  experiments  deal¬ 
ing  with  the  ablation  of  various  tissue  have  success¬ 
fully  been  performed. 
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Abstract 

As  reported  in  previous  work  (Neil,  Proceedings  of  the  1998  European  Particle  Accelerator  Conference,  Stockholm, 
Sweden,  1998,  p.  88;  Shinn,  in:  Free-Electron  Laser  Challenges,  Proceedings  of  SPIE,  vol.  2988,  1997,  p.  170), 
Jefferson  Lab  is  building  a  free-electron  laser  capable  of  generating  a  continuous  wave  kilowatt  laser  beam.  The 
driver-accelerator  consists  of  a  superconducting,  energy-recovery  accelerator.  The  initial  stage  of  the  program  was  to 
produce  over  100  W  of  average  power  with  no  recirculation.  In  order  to  provide  maximum  gain  the  initial  wavelength 
was  chosen  to  be  5  pm  and  the  initial  beam  energy  was  chosen  to  be  38.5  MeV.  On  June  17, 1998,  the  laser  produced  155 
W  cw  power  at  the  laser  output  with  a  98%  reflective  output  coupler.  On  July  28th,  31 1  W  cw  power  was  obtained  using 
a  90%  reflective  output  coupler.  A  summary  of  the  commissioning  activities  to  date  as  well  as  some  novel  lasing  results 
will  be  summarized  in  this  paper.  Present  work  is  concentrated  on  optimizing  lasing  at  5  pm,  obtaining  lasing  at  3  pm, 
and  commissioning  the  recirculation  transport  in  preparation  for  kilowatt  lasing  this  fall.  ©  1999  Elsevier  Science  B.V. 
All  rights  reserved. 

Keywords:  Lasing;  Free-electron  laser;  Recirculation 


1.  Introduction 

At  the  18th  International  FEL  in  Rome  we  intro¬ 
duced  the  design  of  a  free-electron  laser  (FEL) 
driven  by  a  recirculating,  energy-recovered  con¬ 
tinuous  electron  beam  accelerator  to  demonstrate 
scalability  to  higher  powers  for  industrial  applica- 
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tions  [1,2].  The  design  of  this  accelerator  is  such 
that  the  full  current  of  5  mA  can  only  be  produced 
with  energy  recovery.  Without  energy  recovery 
only  1.1  mA  of  current  can  be  produced  due  to 
limits  on  available  rf  power.  Since  the  repetition 
rate  of  the  accelerator  can  be  reduced  by  a  factor  of 
two,  and  since  the  electron  beam  quality  improves 
as  the  charge  is  lowered,  the  gain  is  not  very  much 
lower  than  that  at  full  beam  current  when  the  laser 
is  operated  with  1.1  mA.  This  makes  it  possible  to 
lase  in  “first  light”  mode  without  energy  recovery 
and  optimize  the  laser  before  energy  recovery 
is  attempted.  Simulations  of  the  beam  using 


01 68-9002/99/$ -see  front  matter  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 
PII:  SOI  68-9002(99)0006  1-3 


I.  FIRST  LASINGS 


28 


S.  Benson  et  al  /  Nuclear  Instruments  and  Methods  in  Physics  Research  A  429  (1999)  27-32 


PARMELA  indicated  that  we  should  be  able  to 
achieve  an  emittance  of  5  mm  mrad  with  an  energy 
spread  of  50  keV  and  a  bunch  length  of  370  fs  (all 
quantities  rms).  Using  these  numbers  the  predicted 
gain  is  well  over  100%  indicating  a  good  margin  for 
lasing.  This  paper  is  a  description  of  the  first  lasing 
process  and  some  of  the  interesting  results  we  have 
gained  since  achieving  first  light. 


2.  Driver  accelerator 

The  driver  accelerator  is  shown  in  Fig.  1.  The 
design  and  measured  performance  are  shown  in 
Table  1.  Microbunches  with  an  rms  bunch  length  of 
20  ps  are  produced  in  a  DC  photocathode  gun  and 
accelerated  to  350  keV  [3-5].  The  bunches  are 
compressed  by  a  copper  buncher  cavity  operating 


Bunch 
decompressor 


Photocathode  gun 
Buncher  cavity 
10  MV  cryomodule 
32  MV  cryomodule 


Fig.  1.  IR  demo  layout.  See  text  for  explanation  of  operation. 


Table  1 

Measured  parameters  for  the  IR  Demo  driver  accelerator  and  laser 


Property 

Design 

Achieved 

Unit 

Pulse  length 

1 

0.4  ±  0.1 

ps  rms 

Charge  per  bunch 

60 

60  ±2 

pC 

Peak  current 

22 

60+15 

A 

Average  current 

1.1 

1.2 

mA 

Transverse  emittance 

<8.7 

7.5  ±  1.5 

mm-mrad  rms 

Energy  spread 

<0.22 

0.3  ±  0.2 

%  rms 

Kinetic  energy 

38 

48 

MeV 

Repetition  rate 

18.7 

18.7 

MHz 

Position  stability 

50 

<  100 

pm 

Angular  stability 

100 

<200 

prad 

Wiggler  wavelength 

2.7 

2.7 

cm 

Number  of  periods 

40 

40.5 

- 

If 

iVrms 

1.0 

0.98 

- 

Wiggler  rms  phase  error 

<5 

2.6 

O 

Trajectory  wander 

<  100 

<100 

pm  p-p 

Optical  cavity  length 

8.0105 

8.0105 

m 

Rayleigh  range 

40 

40 

cm 

Mirror  radii 

2.54 

2.54 

cm 

Mirror  radius  of  curvature 

4.045 

4.050 

m 

Mirror  losses 

<  0.001 

<0.001 

Mirror  tilt  tolerance3 

5 

-5 

prad 

Center  wavelength 

4.8 

4.8 

pm 

Output  coupler  refl. 

98,  90 

97.6,  90.5 

% 

HR  reflectivity 

>99.5 

99.85 

% 

aThis  is  the  mirror  tilt  necessary  to  rotate  the  optical  mode  by  3  of  the  mode  divergence.  This  much  tilt  has  been  shown  to  reduce  the 
power  by  around  10%  when  the  90%  output  coupler  is  used  and  the  laser  is  in  pulsed  mode. 
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at  the  fundamental  accelerating  frequency  of  1.497 
GHz.  They  are  then  injected  into  a  high  perfor¬ 
mance  superconducting  rf  (SRF)  cavity  pair  operat¬ 
ing  at  a  mean  gradient  of  10  MY/m.  The  output 
beam  from  this  is  transported  through  an  ach- 
romat,  injected  into  an  eight  cavity  SRF 
cryomodule,  and  accelerated  up  to  ~  38  MeV. 
The  electron  beam  is  then  bent  around  the  two 
optical  cavity  mirrors  passing  through  the  wiggler 
along  the  way  and  captured  in  a  water-cooled  cop¬ 
per  dump. 

The  program  schedule  was  very  aggressive  with 
first-light  hardware  installed  15  months  after  first 
funding.  Commissioning  of  the  injector  was  started 
with  the  wiggler  removed  so  that  the  radiation  dose 
to  the  NdFeB  permanent  magnets  could  be  mini¬ 
mized.  The  design  current  of  1.1  mA  cw  was 
achieved  21  months  after  first  funding.  The  beam 
quality  at  60  pC  (as  shown  in  Table  1)  was  found  to 
be  more  than  sufficient  for  lasing.  In  fact,  the  bunch 
length  and  vertical  emittance  are  very  close  to  the 
values  predicted  by  PARMELA.  The  horizontal 
emittance  is  larger  than  PARMELA  either  due  to 
wakefield  effects  or  CSR  induced  emittance  growth 
[6].  Sensitivity  to  the  phase  of  the  cryomodule 
cavities  has  prevented  good  measurements  of  en¬ 
ergy  spread  when  the  laser  is  optimized. 

Once  first  light  was  achieved  the  emphasis  in  the 
accelerator  development  shifted  to  commissioning 
the  recirculation  system  [7].  To  date  both  pulsed 
and  cw  beams  have  been  transported  with  essen¬ 
tially  no  loss  to  the  energy  recovery  dump.  The 
aperture  of  the  system  is  sufficient  that  the  exhaust 
beam  of  the  laser  can  also  be  propagated  with  no 
losses  through  the  recirculation  loop  back  to  the 
accelerating  module.  There  are  losses  in  the  final 
transport  to  the  energy  recovery  dump  at  9.5  MeV, 
however,  leading  to  a  limit  on  average  power.  This 
loss  is  being  investigated  so  that  higher  laser  power 
can  be  achieved  with  energy  recovery. 

3.  Laser  commissioning 

Once  it  was  determined  that  the  beam  quality 
was  sufficient  for  lasing  [8,9],  the  wiggler  and  op¬ 
tical  cavity  mirrors  were  installed  [10].  For  first 
light  we  chose  to  use  a  high  reflector  and  a  97.6% 


reflective  output  coupler.  Using  macropulses  200  pis 
in  duration  the  electron  beam  was  aligned  with  the 
wiggler  viewers  and  the  cavity  length  was  scanned. 
The  laser  power  output  immediately  rose  to  satura¬ 
tion.  Lasing  at  4.9  pm  was  achieved  over  a  10  pm 
range  of  cavity  length  with  no  optimization.  The 
laser  was  then  operated  cw.  Using  a  power  meter  at 
the  exit  of  the  laser,  155  W  of  average  power  was 
outcoupled  and  over  110  W  of  power  delivered  to 
the  optical  diagnostic  room. 

After  changing  to  a  90%  output  coupler,  311  W 
of  cw  laser  power  was  measured  on  a  power  meter 
at  the  laser  exit.  Lasing  weakly  with  energy  recov¬ 
ery  was  possible  but,  as  noted  above,  limited  due  to 
beam  loss  at  9.5  MeV.  Once  the  recovered  beam  is 
better  matched  into  the  accelerating  structure  we 
expect  to  lase  at  high  power  with  energy  recovery. 

4 .  Lasing  results 

In  general  the  IR  Demo  laser  has  been  very 
predictable  and  easy  to  run.  When  the  electron 
beam  and  optical  cavity  are  set  up  carefully  the 
laser  lases  very  strongly  before  any  optimization.  If 
the  laser  power  is  subsequently  optimized,  the  re¬ 
sulting  electron  beam  configuration  is  not  much 
different  from  the  original  setup.  Using  measured 
values  for  the  beam  parameters,  one  ideally  expects 
a  small  signal  gain  of  approximately  90%.  When 
setting  up  the  system  the  gain  should  not  be  re¬ 
duced  by  more  than  a  factor  of  3  due  to  electron 
beam  and  optical  misalignments.  This  still  allows 
sufficient  gain  to  lase  to  saturation.  Variation  of  the 
electron  bunch  parameters  indicates  that  the  high¬ 
est  power  occurs  for  the  shortest  electron  bunch 
length  and  the  smallest  longitudinal  emittance  as 
expected.  Sensitivities  to  variation  in  steering,  fo¬ 
cussing,  cavity  phases,  and  average  current  are 
qualitatively  similar  to  expectations.  Note  that  the 
mirror  sensitivity  in  Table  1  is  for  pulsed  or  low 
power  operation  with  large  cavity  losses.  When  the 
mirrors  heat  up  or  when  the  output  coupling  is 
small,  we  have  found  that  the  sensitivity  to  mirror 
tilt  is  much  smaller. 

In  Fig.  2a  we  show  the  power  as  a  function  of 
cavity  length  as  the  micropulse  repetition  rate  is 
varied  [11].  To  our  knowledge  this  is  the  first  time 
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-40  -30  -20  -io  o  (b)  Cavity  length  detuning  (^m) 

(b)  Cavity  length  detuning  (jim) 


Fig.  3.  Laser  power  vs.  bunch  charge.  In  (a)  is  the  raw  data.  In 
Fig.  2.  Laser  power  vs.  cavity  length  for  three  different  micro-  ^  we  have  scaie(j  the  power  to  the  maximum  charge  so  that  the 

pulse  repetition  rate.  The  round  trip  frequency  is  18.813  MHz  so  extraction  vs.  charge  is  evident, 

the  three  curves  correspond  to  one,  two  and  four  round  trips  per 
gain  pass.  In  (a)  we  show  the  raw  data.  In  (b)  we  have  scaled  the 

data  by  a  factor  of  two  and  four  in  both  axes  to  study  the  2b  we  have  scaled  both  the  power  and  the  cavity 

variation  of  the  extraction  efficiency  with  the  repetition  rate.  length  detuning  by  the  reduction  in  the  frequency 

to  give  an  indication  of  the  extraction  efficiency  as 
a  function  of  the  optical  delay  from  synchronism, 
this  has  been  reported  for  an  FEL.  The  total  cavity  Note  that  the  optical  delay  scales  linearly  with  the 

loss  is  11%  per  round  trip  so  the  threshold  gain  number  of  round  trips  per  gain  pass.  The  curves  in 

(defined  as  Gth  =  (1  -  r)~N  -  1  where  T  is  the  Fig.  2b  are  remarkably  similar  to  each  other.  Note, 

round  trip  cavity  loss)  is  12.4%  for  18.8  MHz  however,  that  the  scaled  cavity  length  detuning 

repetition  rate,  26.3%  for  9.4  MHz,  and  59.4%  for  curve  is  actually  shorter  for  a  smaller  threshold 
4.7  MHz.  We  see  from  the  detuning  width  in  Fig.  2a  gain  (9.4  MHz  case  compared  to  18.8  MHz).  This  is 

that  the  gain  must  be  well  in  excess  of  59.4%.  The  a  very  puzzling  feature,  which  may  be  due  to  optical 

electron  beam  in  this  case  was  pulsed  with  a  1.2%  guiding  effects  [12]. 

duty  cycle.  The  electron  gun  was  run  at  327  kV  for  In  Fig.  3a  we  show  the  power  vs.  cavity  length  as 

this  data  so  the  emittance  is  not  as  small  as  in  a  function  of  bunch  charge.  In  Fig.  3b  the  power  is 

Table  1.  The  other  parameters  are  similar.  Mirror  scaled  to  the  bunch  charge.  As  expected  the  laser 

heating  effects  should  have  been  negligible.  In  Fig.  power  is  approximately  proportional  to  the  bunch 
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charge.  The  length  of  the  cavity  detuning  curve 
is  a  very  non-linear  function  of  the  charge, 
however.  This  is  not  entirely  unexpected  since  the 
emittance  and  energy  spread  are  smaller  when  the 
charge  is  smaller.  It  is  a  bit  surprising,  though, 
since  the  bunch  length  and  transverse  match  are 
not  optimized  for  the  low  charge  operation.  If  we 
assume  that  the  bunch  length  is  unchanged,  the 
predicted  gain  for  13  pC  is  around  25%  and 
the  length  of  the  detuning  curve  according  to  super¬ 
mode  theory  [13]  is  13  pm,  very  close  to  what  is 
observed. 

Note  how  the  shape  of  the  curves  also  changes 
from  convex  to  concave  as  the  charge  is  reduced. 
Also  note  that  the  predicted  detuning  curve  length 
for  even  60%  gain  (and  the  gain  must  be  at  least 
this  large  as  shown  in  Fig.  2)  is  31  pm.  As  noted 
above,  the  gain  calculated  from  measured  para¬ 
meters  is  approximately  90%  which  leads  to  an 
expectation  of  a  46  pm  long  cavity  length  detuning 
curve.  The  length  of  the  curve  seems  to  be  shorter 
than  possible  assuming  a  one-dimensional  super¬ 
mode  theory. 

Spectral  measurements  have  also  confirmed  that 
we  have  quite  high  gain.  When  lasing  near  the 
synchronous  detuning  a  strong  sideband  is  ob¬ 
served.  This  should  not  be  the  case  unless  the  gain- 
to-loss  ratio  is  greater  than  around  4  which  implies 
at  least  50%  small  signal  gain.  As  expected  the 
spectra  become  much  narrower  as  the  cavity  length 
is  shortened.  The  spectral  brightness  varies  little 
over  the  central  part  of  the  detuning  curve. 

With  pulsed  operation  at  60  Hz  and  a  duty  cycle 
of  1.2%,  4.1  W  of  laser  power  was  detected  in 
the  optical  diagnostic  lab.  The  losses  in  the  trans¬ 
port  are  at  least  10%  so  this  means  that  the 
laser  power  was  at  least  380  W  during  the  macro¬ 
pulse  and  may  have  been  as  much  as  480  W.  Dur¬ 
ing  cw  operation  with  a  similar  electron  beam 
setup,  the  power  did  not  exceed  311  W  despite 
repeated  optimization.  This  indicates  that  mirror 
heating  reduced  the  laser  output  by  18-35%. 
Calculations  of  mirror  distortion  [10]  indicated 
that  the  mirror  absorption  had  to  be  less  than  0.1  % 
to  achieve  over  300  W  of  laser  power.  Measure¬ 
ments  of  the  mirrors  at  the  Naval  Advanced  War¬ 
fare  Center  in  China  Lake  CA  put  an  upper  limit  of 
0.1%  on  the  absorption. 


5.  Conclusions 

In  general  this  laser  behaves  according  to  expec¬ 
tations.  One  exception  to  this  observation  is  the 
cavity  length  detuning  curve.  There  seems  to  be 
some  phenomenon  that  is  keeping  the  detuning 
curves  short  when  the  gain  is  high.  One  possibility 
is  guiding.  Simulations  have  hinted  that  guiding 
effects  can  shorten  a  cavity  length  detuning  curve 
even  though  the  gain  is  increased.  This  might  ex¬ 
plain  the  very  slow  change  in  the  cavity  length 
detuning  curve  length  with  pulse  charge. 

With  high  gain  and  a  40  period  wiggler  it  is  not 
unreasonable  to  expect  that  one  might  extract  over 
1  %  of  the  electron  beam  power.  Since  the  electron 
beam  power  is  in  excess  of  40  kW,  this  would 
indicate  that  over  400  W  of  laser  power  is  reason¬ 
able  to  achieve.  Mirror  distortion  has  limited  op¬ 
eration  to  only  311  W  but  operation  at  3  pm  with 
sapphire  mirrors  should  allow  us  to  increase  the 
power  in  “first  light”  mode  to  over  400  W.  Re¬ 
circulation  can  raise  the  electron  beam  power  to 
240  kW  but  may  limit  the  extraction  efficiency  to 
no  more  than  0.75%.  This  setup  should  allow  much 
higher  power  (close  to  2  kW)  if  the  quality  of  the 
sapphire  mirror  coatings  is  similar  to  those  on  the 
CaF2  mirrors  now  in  use. 
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Abstract 

A  summary  of  the  current  status  and  most  important  future  directions  for  long  wavelength  ( >  0.5  mm)  free-electron 
lasers  is  presented.  The  distinction  between  long  and  short  wavelengths  is  a  natural  one.  For  example,  space-charge 
effects  may  be  important  for  the  high  currents  typically  employed  at  long  wavelengths,  and  the  dominant  interaction 
mechanism  is  often  coherent  Raman  scattering.  In  addition,  dispersion  due  to  the  dielectric  effects  and  finite  transverse 
dimensions  in  the  drift  tubes  and  cavities  are  important  at  longer  wavelengths.  The  principal  goals  at  long  wavelengths 
are  to  achieve  much  higher  average  powers  with  good  overall  efficiency  in  a  compact  design.  ©  1999  Elsevier  Science 
B.V.  All  rights  reserved. 

PACS:  41.60.Cr;  52.75.M 

Keywords:  Free-electron  lasers;  Space-charge  effect;  Wavelength 


This  is  the  fifth  paper  dealing  with  the  status  of 
long  wavelength  free-electron  lasers  (FEL)  and  our 
purpose,  as  in  the  first  four  papers  [1-4],  is  to 
provide  a  summary  of  long  wavelength  (  ^  0.5  mm) 
FELs  which  are  currently  either  in  operation  or 
under  construction.  Also,  as  before,  a  companion 
paper  appears  in  this  volume  dealing  with  “short 
wavelength”  FELs  [5].  Our  search  in  compiling 
this  list  relies  upon  (1)  contributions  to  the  general 
literature  and  the  proceedings  of  the  annual  Free- 
Electron  Laser  Conferences,  and  (2)  personal 
contacts.  The  latter  was  an  important  source  of 
information  concerning  FEL  programs  that  are 
either  in  the  early  operational  stages  or  still  under 
construction  and  have  not  as  yet  been  described  in 
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archival  literature.  Despite  our  best  efforts,  how¬ 
ever,  inadvertent  omissions  are  still  possible. 

The  distinction  between  long  and  short 
wavelength  FELs  is  natural  because  higher  current 
and  lower  energy  beams  are  typically  employed  in 
this  regime  and  space-charge  effects  are  more  im¬ 
portant.  In  particular,  the  dominant  interaction 
mechanism  is  often  coherent  Raman  scattering. 
Also,  while  short  wavelength  FELs  excite  optical 
modes,  dispersion  due  to  the  beam  dielectric  effects 
and  finite  transverse  dimensions  in  the  drift  tubes 
and  cavities  are  important  effects  at  longer 
wavelengths. 

The  long  wavelength  FEL  table  lists  parameters 
describing:  wavelength/frequency,  peak  power, 
pulse  time,  repetition  rate,  beam  voltage  and  cur¬ 
rent,  wiggler  period  and  field  strength,  and  the  type 
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Table  1 


FEL  [Ref.] 


UCSB  [14] 

UCSB  [14] 

SU/IAP  [15] 

CESTA  [16] 

CESTA  [16] 

CESTA  [17] 

FOM  [13] 

NRL  [18] 

KAERI  [19] 

ENEA  [20] 

ENEA  [21] 

CU  [22] 

TAU/WI  [23] 

TAU  [24] 

KEK/JAERI  [25,26] 
JINR/IAP  [27] 

IAP 

INP/IAP  [28] 


X(mm)//(/GHz)  Ppeak(MW)  zp(\is)  vrep  (Hz)  Vb/Ib  (MV/A)  5iw(cm)/K(type)  Type/Acc 


<2.5/120 

<  0.015 

6 

2 

1/300 

UC 

CW 

9.4/32 

0.75 

0.1 

SS 

8/35  (100/3) 

90  (300) 

0.03 

SS 

8/35 

40 

0.03 

SS 

8/35 

80 

0.03 

SS 

1.5/206 

0.73 

12 

1 

8/35 

0.027 

1 

6 

12/26 

0.001 

10-30 

SS 

2-3.5/85-150 

0.0015 

5.5 

40 

0.4-0.8/375-750 

UC 

5.5 

20 

12.5/24 

0.2 

0.15 

SS 

3/100 

0.012 

70 

SS 

68/4.48 

0.0035 

5 

1 

3/9.4 

150 

0.005 

0.05 

8/31 

48 

0.2 

2 

10.3/45 

7 

0.0025 

SS 

4/75 

200 

1 

SS 

6/2 

7.14/1.  (P) 

O/ES 

2/2 

3/0.73  (H) 

O/ES 

0.3/50 

2.3/0.64 

O/PL 

2.2/800 

12/1.2  (H) 

A/IL 

2.2/800 

12/1.2  (H) 

SASE/IL 

2.2/800 

12/1.2  (H) 

A/IL 

1.77/7.2 

2/0.67  (P) 

O/ES 

0.1/10 

0.64/0.2(CH) 

A/M 

0.4/2 

3.2/0.39(H) 

O/ES 

2.3/0.35 

2.5/1 .4(P) 

O/MI 

5.5/0.25 

2.5/1.7  (P) 

O/MI 

0.6/100 

1.85/0.2  (H) 

A/PL 

1 .4/1.4 

4.4/0.82  (P) 

O/ES 

0.07/0.8 

4.4/0.12  (P) 

O/ES 

2/700 

16/3.3  (P) 

A/IL 

0.8/170 

6/0.84  (H) 

O/IL 

0.5/120 

2.4/0.07  (P) 

O/PL 

1/2000 

4/0.3  (P) 

O/PL 

A-Amplifier 

CA-Coaxial 

CESTA-Centre  d’Etudes  Scientifique  e 

Techniques  d’ Aquitaine 

CH  -  CHI  Wiggler 

CU  -  Columbia  University,  USA 

DS  -  Design  study 

DU-  Duke  University 

ES  -  Electrostatic  accelerator 

H  -  Helical  wiggler 

IAP  -  Institute  of  Applied  Physics,  Russia 
INP  -  Institute  of  Nuclear  Physics,  Russia 
IL  -  Induction  linac 

JAERI  -  Japan  Atomic  Energy  Research  Institute 
JINR  -  Joint  Institute  for  Nuclear  Research,  Russia 
KAERI  -  Korean  Atomic  Energy  Research  Institute 
KEK  -  National  Laboratory  for  High  Energy  Physics,  Japan 
UCD/SLAC  -  University  of  California  at  Davis/Stanford  Linear 
Accelerator  Center 


of  device  and  accelerator  employed.  We  have 
chosen  to  denote  the  wiggler  parameter  by 
K  (  =  0.0934£w/lw,  where  £w  is  the  wiggler  ampli¬ 
tude  in  kG  and  is  the  wiggler  period  in  cm); 
however,  this  parameter  is  often  called  aw  in  the 
literature.  Note  that  in  the  case  of  planar  wiggler 
designs  this  does  denote  the  peak  and  not  the  rms 
amplitude.  The  wiggler  type  shown  refers  to  helical 
(H),  planar  (P),  circular  (C),  and  coaxial  hybrid  iron 
(CH)  wigglers  [6].  Note  that  an  axial  guide  field  is 


NRL  -  Naval  Research  Laboratory 

M  -  Modulator 

MI  -  Microtron 

O  -  Oscillator 

P  -  Planar  wiggler 

PL  -  Pulse  line  accelerator 

PS  -  Power  supply 

RFL  -  Radio  frequency  linac 

SASE  -  Self-amplified  spontaneous  emission 

SS  -  Single  shot 

TAU  -  Tel  Aviv  University 

UC  -  Under  construction 

UM  -  University  of  Maryland,  USA 

SU  -  University  of  Stratthclyde 

UT  -  University  of  Twente,  Netherlands 

WI  -  Weizmann  Institute,  Israel. 


often  used  in  conjunction  with  helical  wigglers  in 
intense  beam  FELs,  but  that  the  brevity  of  this 
format  does  not  permit  inclusion  of  this  informa¬ 
tion  in  Table  1. 

Long  wavelength  FELs  employ  many  types  of 
accelerator.  However,  most  of  the  experiments  em¬ 
ploy  pulse  line  accelerators  which  operate  in 
a  single-shot  (SS)  mode  with  high  peak  powers. 
Historically,  the  pioneering  work  on  long 
wavelength  FELs  was  performed  by  Phillips  [7] 
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prior  to  1964  using  modulators.  Long  wavelength 
FEL  research  began  again  at  various  laboratories 
in  the  early  1970s  with  the  intention  of  extend¬ 
ing  Phillips’  work  using  intense  relativistic  electron 
beams.  Much  of  this  work  was  directed  at  exploring 
the  basic  physics  of  the  Raman  regime  [8],  and  high 
average  power  was  not  an  essential  goal.  Hence, 
pulse  line  accelerators  are  often  used  since  they 
produce  beam  currents  of  many  kiloamperes.  In 
order  to  achieve  the  necessary  beam  quality  from 
pulse  line  accelerators,  careful  design  of  the  diode  is 
essential  [9]  and  a  large  fraction  (  «  90%)  of  the 
beam  is  typically  “scraped”  off  so  that  only  a  cen¬ 
tral  core  with  a  low  velocity  spread  is  injected  into 
the  wiggler.  As  a  result,  collective  FELs  built  using 
pulse  line  accelerators  suffer  from  the  disadvan¬ 
tages  of  a  low  wall-plug  efficiency  and  single-shot 
operation. 

At  present,  the  principal  thrusts  of  long 
wavelength  FEL  research  are  the  achievements  of 
high  average  powers,  broad  bandwidths,  and  com¬ 
pact  systems.  Hence,  the  development  of  practical 
long  wavelength  FELs  depends  upon  accelerator 
technologies  other  than  pulse  line  accelerators. 

Induction  linacs  have  the  advantage  that  they 
can  be  repetitively  pulsed  and  it  is  possible,  at  least 
in  principle,  to  produce  high  average  powers  and 
high  efficiencies.  However,  there  are  two  practical 
difficulties.  The  first  is  the  achievement  of  high 
repetition  rates.  The  ELF  experiment,  [10]  which 
produced  a  peak  power  of  «  1  GW  at  35  GHz 
operated  with  a  pulse  time  of  10-20  ns  and  a  repeti¬ 
tion  rate  of  0.5  Hz  for  an  average  power  of  only 
a  7  W.  The  second  difficulty  is  emittance  growth 
resulting  in  unacceptably  high  thermal  spreads,  and 
the  necessity  of  beam  scraping  (  «  80%  of  the  beam 
was  scraped  off  in  the  ELF  experiment).  Thus, 
while  the  extraction  efficiency  was  about  34%  from 
the  beam  that  passed  through  the  wiggler,  the 
overall  efficiency  was  closer  to  7%.  Recently,  an 
induction  linac-based  FEL  oscillator  in  Russia  [11] 
demonstrated  that  high  efficiency  operation  corres¬ 
ponds  to  excitation  of  a  single  mode  in  a  Bragg 
resonator. 

Other  promising  approaches  for  achieving  high 
average  powers  involve  long  pulse  modulators  and 
electrostatic  accelerators.  In  the  case  of  electro¬ 
static  accelerators,  full  CW  operation  is  possible  if 


a  high  degree  of  beam  energy  recovery  can  be 
achieved  by  using  depressed  collectors.  This  has 
been  accomplished  at  the  University  of  California 
at  Santa  Barbara  [12].  However,  the  degree  of 
beam  energy  recovery  which  can  be  achieved  de¬ 
creases  with  increasing  extraction  efficiency  of  the 
FEL,  and  this  may  prove  to  be  a  limiting  factor  in 
the  technology.  A  significant  experiment  using  elec¬ 
trostatic  accelerators  is  currently  under  construc¬ 
tion  at  FOM  in  The  Netherlands  [13].  The  goal  of 
this  experiment  is  to  build  a  1  MW  CW  FEL  oper¬ 
ating  in  the  frequency  range  130-260  GHz  to  heat 
plasmas  in  magnetic  fusion  reactors.  At  the  present 
time,  they  have  employed  a  1.77  MeV/7.2  A  elec¬ 
tron  beam  to  achieve  an  output  power  730  kW  at 
a  frequency  of  206  GHz  for  an  extraction  efficiency 
of  5.7%.  The  energy  recovery  system  is  not  present¬ 
ly  operational;  hence,  the  pulse  time  was  12  ps.  The 
overall  wallplug  efficiency  is  expected  to  be  much 
larger  than  5.7%  once  the  energy  recovery  system  is 
functional. 

In  summary,  the  ultimate  goals  of  long 
wavelength  FEL  research  are  to  achieve  much 
higher  average  powers  with  good  overall  efficiency 
and  more  compact  designs  than  have  yet  been 
achieved.  At  the  present  time,  high  voltage/low 
current  electrostatic  accelerators  and  long  pulse 
modulators  remain  the  prime  candidates  for  drivers 
for  these  systems. 

This  work  was  supported  in  part  by  the  Naval 
Research  Laboratory  and  the  Office  of  Naval 
Research. 
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Abstract 


A  table  is  presented  that  describes  the  characteristics  of  58  short  wavelength  free  electron  lasers,  operating  and 
proposed,  around  the  world.  1999  Published  by  Elsevier  Science  B.V. 


Table  1  lists  existing  and  proposed  relativistic 
free  electron  lasers  (FELs)  in  1998.  The  top  part  of 
the  table  lists  existing  FELs.  These  are  substantially 
complete  experiments  that  may  not  be  operating  at 
the  present  time.  The  bottom  part  of  the  table  lists 
proposed  FELs.  Each  FEL,  existing  or  proposed,  is 
identified  by  a  location,  or  institution,  followed  by 
the  FEL’s  name  in  parentheses.  The  table  can  be 
found  at  http://www.physics.nps.navy.mil/ 
fel.html.  Additions  and  corrections  can  be  trans¬ 
mitted  to  us  for  inclusion  on  the  table  in  the  future. 

The  first  column  of  the  table  lists  the  operating 
wavelength  Z,  or  wavelength  range,  in  micrometers 
(pm).  The  large  range  of  operating  wavelengths,  six 
orders  of  magnitude,  indicates  the  flexible  design 
characteristics  of  the  FEL  mechanism.  In  the  sec¬ 
ond  column,  <7Z  is  the  electron  pulse  length  divided 
by  the  speed  of  light  c,  and  ranges  from  CW  to 
short  sub-picosecond  pulse  time  scales.  The  ex¬ 
pected  optical  pulse  length  can  be  3-5  times  shorter 
or  longer  than  the  electron  pulse  depending  the 
optical  cavity  Q ,  the  FEL  desynchronism,  and  the 


*Tel.:  +  1-408-656-2765;  fax:  +  1-408-656-2834. 
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FEL  gain.  Most  FEL  oscillators  produce  an  optical 
spectrum  that  is  Fourier  transform  limited  by  the 
optical  pulse  length. 

The  electron  beam  energy  E  and  peak  current 
/  provided  by  the  accelerator  are  listed  in  the  third 
and  fourth  columns  in  units  of  MeV  and  A.  The 
accelerator  type  is  listed  as  the  first  entry  in  the  last 
column  with  a  code  such  as  RF  for  the  radio¬ 
frequency  linac.  While  there  are  a  variety  of  acceler¬ 
ators  used,  most  are  RF  with  some  electron  storage 
rings,  microtrons,  and  electrostatic  accelerators. 
Storage  rings  tend  to  be  used  for  the  short 
wavelength  applications,  while  the  electrostatic  ac¬ 
celerators  provide  longer  wavelengths. 

The  next  three  columns  list  the  number  of  undu- 
lator  periods  N,  the  undulator  wavelength  10  in 
centimeters,  and  the  undulator  parameter 
K  —  eBl0/2nmc2  where  e  is  the  electron  charge 
magnitude,  B  is  the  rms  undulator  field  strength, 
and  m  is  the  electron  mass.  For  an  FEL  klystron 
undulator,  there  are  multiple  undulator  sections  as 
listed  in  the  AT-column.  Note  that  the  range  of 
values  for  N,/ l0,  and  K  are  much  smaller  than  for 
the  other  parameters  indicating  that  most  undula- 
tors  are  similar.  Only  a  few  of  the  FELs  use  the 
klystron  undulator  at  present,  and  the  rest  use 
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Table  1 

Relativistic  short  wavelength  free  electron  lasers  (1998) 

FELs  2  (pm)  oz  E  (MeV)  I  (A)  N  X0  (cm)  K  (rms) 


EXISTING 

UCSB  (mm  FEL) 

340 

25  ps 

Florida  (CREOL) 

355 

8  ps 

Dartmouth  (FEL) 

200 

CW 

Himeji  (LEENA) 

65-75 

10  ps 

UCSB  (FIR  FEL) 

60 

25  ps 

Osaka  (ILE/ILT) 

47 

3  ps 

Tokyo  (UT-FEL) 

43 

10  ps 

Nieuwegein  (FELIX) 

4-200 

1  ps 

Osaka  (ISIR) 

40 

30  ps 

Bruyeres  (ELSA) 

20 

30  ps 

Osaka  (FELI4) 

18-40 

10  ps 

Stanford  (FIREFLY) 

15-65 

1-5  ps 

UCLA-Kurchatov 

16 

3  ps 

Frascati  (LISA) 

15 

7  ps 

UCLA-Kurchatov-LANL 

12 

5  ps 

AES  (CIRFEL) 

12-21 

5  ps 

Beijing  (IHEP) 

10 

4  ps 

Orsay  (CLIO) 

3-53 

0.1-3  ps 

LANL  (RAFEL) 

15.5 

15  ps 

Osaka  (FELI1) 

5.5 

10  ps 

Darmstadt  (IR-FEL) 

5 

2  ps 

TJNAF  (FEL) 

5 

0.4  ps 

Stanford  (SCAFEL) 

3-13 

0.5-12  ps 

Vanderbilt  (FELI) 

2.0-9.8 

0.7  ps 

Duke  (Marklll) 

3 

3  ps 

Osaka  (FELI) 

2-6 

2  ps 

Osaka  (FELI2) 

1.88 

10  ps 

BNL  (ATF) 

0.5 

6  ps 

Tsukuba  (NIJI-IV) 

0.35 

160  ps 

Orsay  (Super-ACO) 

0.3-0.6 

15  ps 

Osaka  (FELD) 

0.3-0. 7 

5  ps 

Okazaki  (UVSOR) 

0.24 

6  ps 

Duke  (OK-4) 

0.2-0.4 

2.5  ps 

PROPOSED 

Netherlands  (TEUFEL) 

180 

20  ps 

Rutgers  (IRFEL) 

140 

25  ps 

Moscow  (Lebedev) 

100 

20  ps 

Osaka  (ILE/ILT) 

95 

3  ps 

Tokai  (SCARLET) 

24-28 

10  ps 

LBL  (IRFEL) 

3-50 

30  ps 

TJNAF  (IRFEL) 

2.5-25 

1.5  ps 

Boeing  (kWFEL) 

0.2-4 

9  ps 

Osaka  (ILE/ILT) 

12 

3  ps 

Stanford  (FEL) 

10 

4  ps 

Novosibirsk  (RTM) 

2-11 

20  ps 

BNL  (HGHG) 

3.4 

10  ps 

TJNAF  (UVFEL) 

0.16-1 

0.2  ps 

Rocketdyne  (FEL) 

0.84 

3  ps 

Dortmund  (DELTA) 

0.4 

50  ps 

Harima  (SUBARU) 

0.2-10 

26  ps 

6 

2 

42 

7.1 

0.7 

1.3 

0.13 

185 

0.8 

0.1 

0.04 

0.001 

50 

300 

- 

5.4 

10 

50 

1.6 

0.5 

6 

2 

150 

2 

0.1 

8 

50 

50 

2 

0.5 

13 

20 

40 

4 

0.7 

50 

50 

38 

6.5 

1.8 

17 

50 

32 

6 

1 

18 

100 

30 

3 

0.8 

33 

40 

30 

8 

1. 3-1.7 

15-32 

14 

25 

6 

1 

13.5 

80 

40 

1.5 

1 

25 

5 

50 

4.4 

1 

18 

170 

100 

2 

0.7 

9-14 

100 

73 

1.4 

0.2 

30 

14 

50 

3 

1 

21-50 

80 

38 

5 

1.4 

17 

300 

200 

2 

0.9 

33.2 

42 

58 

3.4 

1 

40 

2.7 

80 

3.2 

1 

38 

60 

40 

2.7 

0.96 

22-45 

10 

72 

3.1 

0.8 

43 

50 

52 

2.3 

1 

44 

20 

47 

2.3 

1 

170 

100 

50 

6 

1.3 

68 

42 

78 

3.8 

1 

50 

100 

70 

0.88 

0.4 

300 

5 

2x42 

7.2 

2 

800 

0.1 

2x10 

13 

4.5 

155 

60 

67 

4 

0.7-1.4 

500 

5 

2x8 

11 

2 

500 

12 

2x33 

10 

2.4 

6 

350 

50 

2.5 

1 

38 

1.4 

50 

20 

1 

30 

0.25 

35 

3.2 

0.8 

9 

50 

10 

6 

3 

20 

10 

52 

3.3 

0.7 

55 

60 

40 

5 

1 

200 

36 

2x12 

20 

4 

120 

300 

220 

2.18 

1.31 

9 

50 

30 

0.79 

0.22 

24 

25 

52 

2.6 

0.9 

98 

100 

4  x  36 

9 

1.6 

30 

110 

83 

1.8 

1.4 

200 

270 

72 

3.3 

1.3 

90 

500 

160 

2.4 

1.4 

500 

90 

17 

25 

2 

1500 

50 

33,65 

16,32 

8 

Acc.,  type  [Ref.] 


EA,0  [1] 
EA,0  [25] 
SP,0  [2] 
RF,0  [3,4] 
EA,0  [1] 
RF,0  [5] 
RF,0  [6] 
RF,0  [7] 
RF,0  [8] 
RF,0  [9] 
RF,0  [52] 
RF,0  [10] 
RF,A  [33] 
RF,0  [11] 
RF,A  [53] 
RF,0  [12] 
RF,0  [13] 
RF,0  [14] 
RF,0  [15] 
RF,0  [16] 
RF,0  [17] 
RF,0  [56] 
RF,0  [18] 
RF,0  [19] 
RF,0  [20] 
RF,0  [5] 
RF,0  [16] 
RF,0  [21] 
SR,0  [22] 
SR,0  [23] 
RF,0  [54] 
SR,0  [24] 
SR,0  [42] 


RF,0  [26] 
MA,0  [27] 
MA,0  [28] 
RF,0  [49] 
RF,0  [5] 

RF,0  [29] 
RF,0  [30] 
RF,0  [31] 
RF,0  [50] 

RF,0  [32] 

RF,0  [34,35] 
RF,A  [36] 

RF,0  [30] 
RF,MOPA  [37] 
SR,0  [38,39] 
SR,0  [45] 


(Cont.). 
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Table  1  Continued 


FELs 

A  (pm) 

Oz 

E  (MeV) 

1(A) 

N 

A0  (cm) 

K  (rms) 

Acc.,  type  [Ref.] 

Italy  (ELETTRA) 

0.2-0. 3 

30  ps 

1000 

230 

42 

10 

3 

SR,0  [55] 

BNL  (DUVFEL) 

0.1 

6  ps 

230 

1000 

256 

2.89 

1.2 

RF,A  [40] 

ANL  (APSFEL) 

0.12 

1  ps 

440 

150 

12x72 

3.3 

3.1 

RF,A  [51] 

Frascati  (COS A) 

0.08 

10  ps 

215 

200 

400 

1.416 

1 

RF,0  [41] 

DESY  (TTF1) 

0.042 

0.8  ps 

390 

500 

490 

2.73 

0.9 

RF,A  [48] 

Duke  (VUV) 

0.05-2 

10  ps 

1000 

350 

2x33 

10 

2 

SR,0  [46] 

DESY  (TTF2) 

0.006 

0.17  ps 

1000 

2500 

981 

2.73 

0.9 

RF,A  [43] 

SLAC  (LCLS) 

0.00015 

0.07  ps 

14350 

3400 

3328 

3 

3.7 

RF,A  [44] 

DESY  (TESLA) 

0.0001 

0.08  ps 

35000 

5000 

1200 

5 

4.2 

RF,A  [47] 

RF  -  RF  Linac  Accelerator;  MA  -  Microtron  Accelerator;  SR  -  Electron  Storage  Ring;  EA  -  Electrostatic  Accelerator;  A  -  FEL 
Amplifier;  O  -  FEL  Oscillator;  MOPA  -  Master-Oscillator  Power-Amplifier;  SP  -  Smith-Purcell  Oscillator. 


the  conventional  periodic  undulator.  The  FEL 
resonance  condition, 

x  A0(i  +  K2) 

2y2 

where  y  is  the  relativistic  Lorentz  factor  y  =  E/mc 2, 
provides  a  relationship  that  can  be  used  to  derive 
K  from  A,  E ,  and  A0.  The  middle  entry  of  the  last 
column  lists  the  FEL  type:  “O”  for  oscillator,  “A” 
for  amplifier,  etc.  Most  of  the  FELs  are  oscillators, 
but  recent  interest  in  short  wavelength  FELs  has 
produced  several  proposals  for  amplifiers  that 
avoid  the  need  for  mirrors.  A  reference  describing 
the  FEL  is  provided  at  the  end  of  each  line  entry. 

For  the  conventional  undulator,  the  peak  optical 
power  can  be  estimated  by  the  fraction  of  the  elec¬ 
tron  beam  peak  power  that  spans  the  undulator 
spectral  bandwidth,  1/4  N,  or  P  «  EI/4eN.  For  the 
FEL  using  a  storage  ring,  the  optical  power  causing 
saturation  is  substantially  less  than  this  estimate 
and  depends  on  ring  properties.  For  the  high-gain 
FEL  amplifier,  the  optical  power  at  saturation  can 
be  substantially  more.  The  average  FEL  power  is 
determined  by  the  duty  cycle,  or  spacing  between 
electron  pulses,  and  is  generally  many  orders  of 
magnitude  lower  than  the  peak  power. 

In  the  FEL  oscillator,  the  optical  mode  that  best 
couples  to  the  electron  beam  in  an  undulator  of 
length  L  =  jVA0  has  Rayleigh  length  ZqJZ  L/y/n 
and  has  a  mode  waist  radius  of  w0  «  y/Nyl/n.  The 


FEL  optical  mode  typically  has  more  than  90%  of 
the  power  in  the  fundamental  mode  described  by 
these  parameters. 
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Abstract 

This  paper  presents  investigations  of  the  longitudinal  radiative  force  in  an  electron  bunch  moving  in  an  undulator 
(wiggler).  An  analytical  solution  is  obtained  for  a  Gaussian  longitudinal  bunch  profile.  Radiative  interaction  of  the  particles 
in  an  intense  microbunch  induces  a  correlated  energy  spread  in  the  electron  beam.  Numerical  estimates  presented  in  this 
paper  show  that  this  effect  can  be  important  for  free  electron  lasers.  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 

PACS :  41.60;  41.85.L;  52.75.Ms 

Keywords :  Radiative  interaction;  undulator;  Wiggler 


1.  Introduction 

The  theory  of  radiative  interactions  of  the  elec¬ 
trons  in  an  intense  microbunch  traversing  a  curved 
trajectory  is  intensely  studied  nowadays.  This  is 
motivated  by  the  practical  importance  of  radiative 
effects  for  beam  dynamics  in  linear  colliders  and 
short-wavelength  free  electron  lasers.  When  an  in¬ 
tense  electron  bunch  passes  bending  magnets, 
bunch  compressors,  wigglers,  etc.,  the  radiative  in¬ 
teraction  induces  an  energy  spread  in  the  electron 
beam  and  can  lead  to  transverse  emittance  dilution 
in  dispersive  regions. 

In  this  paper  we  present  the  results  of  analytic 
calculation  of  the  radiative  interaction  of  particles 


*  Corresponding  author.  Tel.  +  7-09621-62154;  fax:  +  7- 
09621-65767. 

E-mail  address:  yurkov@sunse.jinr.ru  (M.V.  Yurkov) 


in  a  bunch  with  a  line-charge  distribution 
moving  in  an  undulator  (a  wiggler)  [1].  Transient 
effects  (when  the  bunch  enters  and  leaves  the  undu¬ 
lator)  are  not  considered.  Shielding  effects  the  (in¬ 
fluence  of  a  vacuum  chamber  on  the  radiative 
process)  are  neglected  as  well.  Practical  application 
of  the  results  obtained  is  illustrated  with  numerical 
examples  for  proposed  SASE  FELs.  Also, 
benchmarking  of  the  numerical  simulation  codes 
would  be  difficult  without  rigorous  analytical  results. 

2.  General  solution  for  a  bunch  moving  in 
an  undulator 

Let  us  consider  an  electron  bunch  with  a  linear 
density  of  particles  /l(s)  moving  along  the  z  direc¬ 
tion  in  an  undulator  with  magnetic  field 

Hx  =  H„  cos(/cwz). 
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The  transverse  and  the  longitudinal  velocities  of  an 
electron  can  be  approximated  by 

K  K 2 

ft.  =  —  sin(fcwz),  ft  =  P  -  2^2  sin2(fewz) 

where  K  =  eHJkwmc2  is  the  undulator  parameter, 
y  =  s/mc2  is  the  relativistic  factor, 
(1  +  K2/2)/y 2  4  1  and  p  ~  1  -  iy2.  The  transverse 
coordinate  of  the  electron  oscillates  as 


y  =  — —cos  (kwz). 

yK 

The  bunch  length  is  assumed  to  be  much  shorter 
than  the  undulator  period  2n/kw.  We  calculate  the 
longitudinal  (along  the  particle’s  velocity)  radiative 
force  assuming  the  motion  of  the  particles  to  be 
given.  Only  the  interaction  connected  with  the  cur¬ 
vature  is  considered  and  we  omit  the  trivial  longitu¬ 
dinal  space-charge  forces  in  a  bunch  moving  on 
a  straight  line,  since  they  can  be  calculated  separ¬ 
ately.  The  calculations  are  based  on  the  general 
algorithm  for  an  arbitrary  small-angle  trajectory 
described  in  Ref.  [1].  Leaving  out  the  details  of  the 
calculations,  we  present  the  final  result  for  the  rate 
of  the  energy  change  as  a  function  of  the  positions 
of  the  electron  in  the  bunch  and  in  the  undulator, 
s  and  z,  respectively  [1]: 


=  g2fe' 

cdt 


d  Ms') 

d  s'D(s  -  s',K,z)— V 
d  s 


(1) 


where  s  =  y2kws  and  z  =  kwz, 

1  A  -  K2B(A,z)  r  .  A 
D(s,K,z)  ~  g  ~  ^  a2  +  x2g2(A,z) [sin  Acosz 


(2) 


(3) 


+  (1  —  cos  A)  sin  z] 

B{A,z)  =  (1  —  cos  A  —  A  sin  A)  cos  z 

+  (A  cos  A  —  sin  A)  sin  z 

and  A  is  the  solution  of  the  transcendental  equa 
tion: 

n^l  +  K‘- . 

2  n 

x  (cos  A  cos  2z  -I-  sin  A  sin  2z)  —  2(1  —  cos  A)}. 

(4) 


A  A  /  K2 

5  =  -(!+  — 


It  follows  from  the  geometry  of  the  problem  and 
from  Eqs.  (2)-(4)  that  the  function  D  is  periodic  in 
z  with  the  period  equal  to  half  of  the  undulator 
period  n/kw  (or,  to  n  in  terms  of  the  normalized 
position  z).  In  the  following,  we  will  study  the  rate 
of  the  energy  change  averaged  over  the  z  coordi¬ 
nate: 


de 

cdt 


d sfD(s  -  s\K) 


d  A(s') 
'~dsr 


where 


(5) 


1  f* 

D(s,K)  =  - 
nJ  o 


dzD(s,K,z). 


(6) 


In  the  case  of  small  values  of  the  undulator  para¬ 
meter,  K  <£  1,  function  D(s,K)  takes  the  simple 
form: 


D{IK)=  -K: 


*  2  * 
sin  s 


sin  2s 
2s2 


sin2  s^ 
—)■ 


(7) 


3.  Averaged  solution  for  a  Gaussian  bunch 


In  this  section  we  consider  a  bunch  with  a  Gaus¬ 
sian  distribution  of  linear  density: 


A(S)  = 


N 


•fix 


exp 


TUT 


(8) 


The  averaged  solution  for  the  Gaussian  bunch  can 
be  written  in  the  form: 


cdt 


G(p,K,x) 


(9) 


where  x  =  s/o  and  p  is  the  bunch  length  parameter: 


r%y 

P  1  +  K2/ 2‘ 

In  the  general  case,  the  function  G  should  be  cal¬ 
culated  by  means  of  numerical  integration  of  Eq. 
(5).  Nevertheless,  in  some  parameter  regions  it  can 
be  expressed  analytically.  Let  us  study  the  practic¬ 
ally  important  case  of  a  long  bunch,  p>  1.  First,  we 
consider  the  case  of  small  K.  Under  these  condi¬ 
tions  the  function  G  can  be  calculated  analytically 
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using  Eqs.  (5)  and  (7) 

G(p,x)  =  ^exp^-yjlnp  +  F(x).  (10) 

Here  the  parameter  p  is  reduced  to  p  ~  y2kwcr,  and 
function  F(x)  has  the  form: 

F{x)  =  i(C  +  3  In 2  -  2)xexp 


dx'  exp 


f\2 


(*') 


al) 


where  C  =  0.577  ...  is  Euler’s  constant  and  erf( ... ) 
is  the  error  function  [2].  The  plot  of  the  function 
F(x)  is  presented  in  Fig.  1.  Fig.  2  presents  plots  of 
the  function  G  calculated  for  different  values  of 
parameter  p. 

In  the  case  of  an  arbitrary  value  of  the  undulator 
parameter  K  it  is  difficult  to  find  an  explicit  analyti¬ 
cal  solution.  Nevertheless,  using  the  results  of  nu¬ 
merical  integration  of  Eq.  (5),  we  can  write  function 
G  in  the  following  form  {p  $>  1): 

G(p,K,x)  =  ^  exp(^  -  Uj[lnp  +  g(K)']  +  F(x)  (12) 


where  function  g(K)  changes  from  0  to  1  when 
K  changes  from  small  to  large  values.  The  plot  of 
this  function  is  presented  in  Fig.  3. 


-5  -4  -3  -2  -1  0  1  2  3  4  5 


x 


-5  -4  -3  -2  -1  0  1  2  3  4  5 

x 

Fig.  2.  Function  G  for  small  value  of  the  undulator  parameter 
K  and  different  values  of  the  bunch  length  parameter  p.  Curve 
(1):  p  =  1,  curve  (2):  p  =  30,  and  curve  (3):  p  —  1000.  The  curves 
are  the  results  of  numerical  integration  of  Eq.  (5)  and  the  circles 
are  calculated  with  the  help  of  analytical  formula  (10)  for  large 
values  of  parameter  p. 


Fig.  3.  Function  g(K)  entering  Eq.  (12). 


In  the  conclusion  of  this  section  we  present  the 
formula  for  the  induced  correlated  energy  spread  in 
the  Gaussian  bunch  due  to  radiative  interaction.  Us¬ 
ing  expression  (12)  we  write  down  this  formula  in  the 
form  convenient  for  practical  calculations  (p>  l): 

ft,1cJK2Lw 

<tv  =  0.219— - y 

i\&y 

VPn P  +  0(K)]2  -  0.933[lnp  +  p(K)]  +  1.54 


Fig.  1.  Function  F(x)  given  by  Eq.  (11). 
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where  I  =  Nec/^/^rrcr  is  the  peak  current,  IA  =  17 
kA  is  the  Alfven  current,  Lw  is  the  undulator  length 
and 

me2 1 Ty  =  V <fi2>  -  <«>2. 

4.  Discussion 

Let  us  perform  estimations  of  the  applicability 
region  of  the  results  obtained  for  the  practically 
important  case  of  a  long  bunch,  a  (1  +  K2/2)/ 
y2kw.  First,  we  consider  the  transient  effects.  When 
the  behaviour  of  the  radiative  forces  after  the  bunch 
leaves  the  undulator  is  not  important  from  a  practi¬ 
cal  point  of  view  (which  is  true  for  FELs),  only  the 
entrance  transient  effect  is  of  interest.  In  this  case 
we  can  write  down  the  following  limitation  on  the 
undulator  (wiggler)  length  Lw,  allowing  us  to  ne¬ 
glect  transient  effects: 

Lw  $>  cry2  (14) 

where  cry2  =  cry2/(l  +  K2/ 2)  is  the  typical  forma¬ 
tion  length  of  the  radiation. 

Second,  we  estimate  the  region  of  parameters 
where  we  can  neglect  the  influence  of  the  bunch 
transverse  size  and  of  the  vacuum  pipe.  It  follows 
from  simple  geometrical  consideration  that  a  char¬ 
acteristic  measure  distinguishing  these  effects  is  the 
mean  geometric  value  of  the  bunch  length  and  the 
formation  length  of  the  radiation.  Thus,  we  can 
roughly  estimate  the  region  where  the  considered 
effects  can  be  neglected 

g±  ayz  b.  (15) 

Here  g±  and  b  are  transverse  dimensions  of  the 
bunch  and  of  the  vacuum  chamber,  respectively. 

When  the  above-mentioned  limitations  are  not 
satisfied,  the  effects  considered  become  important 
leading  to  suppression  of  the  radiative  interaction. 
In  other  words,  the  model  considered  in  this  paper 
describes  the  worst-case  approximation,  which 
makes  it  useful  for  quick  estimations  of  the  radi¬ 
ative  interaction  effects.  Also,  analytical  results  pre¬ 
sented  in  the  paper  can  serve  as  primary  standards 
for  testing  numerical  simulation  codes. 

In  conclusion,  let  us  illustrate  practical  applica¬ 
tion  of  the  results  obtained  with  two  numerical 


examples.  The  first  one  is  the  6  nm  SASE  FEL 
under  construction  at  the  TESLA  test  facility  at 
DESY  [3].  Parameters  of  the  project  are:  an  energy 
of  1  GeV,  an  rms  bunch  length  of  50  pm,  z  peak 
current  of  2.5  kA,  an  undulator  period  of  2.73  cm, 
K  is  1.27  and  the  undulator  length  is  27  m.  Substi¬ 
tuting  these  values  into  formula  (13),  we  find  that 
the  induced  correlated  energy  spread  is  equal  to 
Gy/y  =  4  x  10“ 5,  which  is  negligible.  Besides,  condi¬ 
tions  (14)  and(15)  for  the  shielding  are  not  satisfied, 
since  the  diameter  of  the  vacuum  chamber  is  equal 
to  1  cm.  This  will  lead  to  further  reduction  of  the 
effect.  It  should  be  noticed  that  such  a  situation  is 
typical  for  VUV  and  X-ray  FEL  projects. 

The  second  example  is  the  proposal  by  the  Duke 
University  [4]  to  construct  a  1.4  pm  SASE  FEL 
using  the  PALADIN  wiggler.  The  energy  is  200 
MeV,  the  rms  bunch  length  is  50  pm,  the  bunch 
radius  is  0.125  cm,  the  peak  current  is  2.5  kA,  the 
wiggler  period  is  8  cm,  K  is  3  and  the  wiggler  length 
is  15  m.  Assuming  the  size  of  the  vacuum  chamber 
to  be  about  2  cm,  we  find  that  conditions  (14)  and 
(15)  are  met  and  that  our  simple  model  provides 
a  correct  estimation  of  the  effect.  According  to 
formula  (13),  we  obtain  cryjy  —  8.4  x  10“ 3.  Effective 
operation  of  the  free  electron  laser  requires 
Gy/y  <  p,  where  p  is  the  FEL  parameter  [5].  For  the 
Duke  SASE  FEL  p  =  4.8xl0“3,  and  the  latter 
condition  is  strongly  violated.  Besides,  the  SASE 
coherence  length  [6]  is  of  the  order  of  the  bunch 
length.  Thus,  the  large  energy  spread  will  be  in¬ 
duced  within  the  coherence  length  and  the  FEL 
process  will  be  destroyed. 
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Abstract 

At  the  first  stage  of  the  Fusion-FEM  experiment,  a  high-power  electrostatic  free-electron  laser  operating  in  the 
mm-wave  regime  was  tested  without  the  energy  recovery  system.  In  this  situation,  a  slow  temporal  drop  of  the 
acceleration  voltage  complicated  significantly  the  dynamics  of  the  FEM  operation.  In  this  paper,  experimental  results 
are  compared  to  simulations.  It  is  demonstrated  that  the  decrease  of  the  frequency  of  the  output  radiation,  caused  by  the 
voltage  drop,  has  a  stepped  character;  the  value  of  this  step  is  as  large  as  the  width  of  the  amplification  band.  ©  1999 
Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Fusion-FEM  oscillators;  Electron-beam  pulse;  Electron-wave  resonance 


1.  Introduction 

A  free-electron  maser  (FEM)  is  under  develop¬ 
ment  at  the  FOM-Institute  for  Plasma  Physics 
(Netherlands)  for  ECW  applications  on  future 
fusion  research  devices  such  as  ITER  [1-4].  It  is 
designed  to  generate  coherent  RF  radiation  with 
the  power  1  MW  in  the  frequency  range  130-260 
GHz  with  the  fast  frequency  tuning  over  10%.  The 
needed  level  of  the  power  is  generated  by  using 
a  step-profiled  undulator,  which  results  in  an  ex¬ 
traction  efficiency  of  over  5%  within  the  entire 
frequency  range.  According  to  the  design,  the  elec- 
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tron-energy  recovery  system  should  provide  a  total 
system  efficiency  of  over  60%. 

The  microwave  system  of  the  FEM  is  a  relatively 
low-Q  cavity,  consisting  of  a  rectangular  operating 
waveguide  with  corrugated  walls  (needed  to  de¬ 
crease  ohmic  losses),  and  of  two  newly-developed 
quasi-optical  stepped  reflectors  [5,3]  formed  by 
segments  of  a  wide  waveguide,  each  terminated  by 
conventional  mirrors  (Fig.  l).The  operation  of  the 
reflectors  is  based  on  the  effect  of  the  multiplication 
of  wave  beams.  For  the  input  reflector,  the  reflec¬ 
tion  coefficient  is  nearly  100%,  while  the  output 
reflector  can  be  controlled  within  almost  the  entire 
range  of  0-100%.  In  order  to  provide  fast  frequency 
tuning,  the  frequency  band  of  the  reflectors  is  corre¬ 
spondingly  wide.  This  leads  to  a  significant  com¬ 
plication  of  the  temporal  dynamics  of  oscillations 
due  to  interaction  of  many  longitudinal  modes. 
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Fig.  1.  Schematic  of  the  Fusion-FEM  microwave  system. 


For  the  planned  regimes  of  the  Fusion-FEM 
with  energy  recovery  and  a  long  electron-beam 
pulse,  the  dynamics  of  the  mode  interaction  was 
preliminarily  studied  in  detail  [6-8].  This  work  is 
devoted  to  the  first  stage  of  the  experiment,  when 
the  FEM  was  tested  without  recovery  system  (in¬ 
verse  set-up)  [4].  Due  to  this  fact,  in  this  experiment 
there  was  a  drop  of  the  accelerating  voltage  in  time. 
Evidently,  this  effect  significantly  complicates  the 
process  of  the  mode  interaction  and,  simulta¬ 
neously,  makes  it  significantly  more  interesting. 
During  the  electron-beam  pulse,  the  frequency  of 
the  electron-wave  resonance  decreases  and,  there¬ 
fore,  the  amplification  band  shifts  to  lower  frequen¬ 
cies.  Thus,  different  modes  are  in  the  resonance 
with  electrons  in  different  temporal  intervals  of  the 
electron-beam  pulse.  As  it  is  observed  in  the  experi¬ 
ment  and  predicted  by  simulations,  the  dynamics  of 
the  FEM  significantly  depends  on  the  initial  value 
of  the  voltage  (the  voltage  at  the  beginning  of  the 
electron  pulse).  At  some  initial  voltages,  the  voltage 
drop  leads  to  the  decrease  of  the  frequency  of 
the  output  radiation.  It  is  important  to  note 
that  though  the  voltage  drops  slowly  (typically  by 
6-8  kV/ps),  the  change  in  frequency  has  a  stepped 
character. 


2.  Equations  of  maser  excitation 

In  a  FEM-oscillator,  a  large  number  of  longitu¬ 
dinal  modes  (of  the  order  of  the  square  of  the 
electron  Lorentz  factor,  y2)  usually  exists  in  the 
amplification  band.  At  the  initial  (small-signal) 
stage  of  the  excitation  all  these  modes  arise  from 
noise,  and  afterwards,  at  the  nonlinear  stage,  they 
take  part  in  the  complicated  nonstationary  process 


of  the  interaction.  For  a  low-Q  FEM-oscillator, 
this  process  can  be  simulated  within  the  framework 
of  the  spatio-temporal  approach  [9-11].  The 
simplest  ID  set  of  equations  includes  the  equations 
for  the  complex  amplitudes  of  forward  and  back¬ 
ward  waves, 


t 

a 

1 

c  dfiu 

=  2i<e-w>( 

dC 

Ml 

Si 

_ 

da ^ 

c  da «_ 

—  0 

IT' 

1  s? 

i 

—  \J 

and  the  equations  of  the  electron  coupling  with  the 
forward  wave, 
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Here  u  =  pC~1(  1  —  i/S 0)  is  the  normalized  energy 
loss  of  a  particle,  £  —  h0Cz  is  the  normalized  co¬ 
ordinate,  q  is  the  space  charge  parameter, 
0  =  co0t  —  h0z  is  the  electron  phase  respect  to  the 
resonant  combination  wave,  t  =  ch0Ct  is  the  nor¬ 
malized  time,  co0  =  vji0(co0)  is  the  resonance 
frequency,  h  =  +  hu  is  the  combination  wave- 

number,  S  is  the  mismatch  of  the  electron-wave 
combination  resonance,  vc  and  r>gr  are  the  unpertur¬ 
bed  longitudinal  electron  velocity  and  the  group 
velocity  of  the  wave,  c  is  the  speed  of  light, 
C  =  el /uk2 /me3 Ny0  is  the  Pierce  amplification 
parameter,  p~yo2  and  k  =  eAu/mc2y0  are  the  para¬ 
meter  of  the  inertial  bunching  of  particles  and  the 
coefficient  of  the  electron-wave  coupling.  The  initial 
conditions  for  the  electron  beam,  being  unmodulated 
at  the  input,  are  written  in  the  following  way 


ii(£  =  Q,t)  =  «oM,  0(£  =  O,r)  =  0o  (3) 


where  the  initial  phases  are  distributed  homogene¬ 
ously  over  the  interval  [0, 2n).  A  slow  drop  of  the 
accelerating  voltage  is  described  by  the  change  of 
the  initial  electron  energy  with  time,  u0(t).  In  Eq. 
(2),  the  dependence  of  the  mismatch  on  the  coordi¬ 
nate,  <5(£),  describes  the  tapering  of  the  undulator 
field. 

The  simplest  boundary  condition  for  the  RF  field 
(not  taking  into  account  the  feedback  frequency 
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dispersion)  can  be  represented  in  the  following 
form  [11] 

a<-(L,T)  =  Routa^(L,T  -  T), 

M0,t)  =  iWM0,T-T)  (4) 

where  Rinp  and  Rout  are  the  amplitude  reflection 
coefficients  of  the  input  and  the  output  reflectors, 
T  is  the  reflection  time,  L  is  the  normalized  length 
of  the  interaction  region.  However,  in  the  con¬ 
sidered  FEM  the  dependence  of  the  reflection  coef¬ 
ficients  on  the  frequency  is  very  important  [6-8]. 
Within  the  framework  of  the  spatio-temporal  ap¬ 
proach  Eqs.  (l)-(3),  one  can  take  into  account  the 
dispersive  properties  of  the  feedback  by  simulation 
of  the  motion  of  the  wave  beams  through  the  reflec¬ 


tors.  This  results  in  the  following  modification  of 
the  boundary  condition  Eq.  (4)  for  the  output 
reflector  [12]: 

a^L, x)  =  £  Rm,Pa4L,T  -Tm-  Tp).  (5) 

m,p 

Here  the  coefficients  Rm>p ,  Tm  and  Tp  are  defined  by 
the  transverse  and  longitudinal  dimensions  of  the 
reflectors.  A  similar  boundary  condition  takes 
place  for  the  input  reflector. 

Thus,  the  set  of  equations  Eqs.  (l)-(3),  and  (5) 
describes  the  basic  features  of  the  nonstationary 
dynamics  of  the  FEM  with  taking  into  account  the 
most  important  effects:  the  dependence  of  the  re¬ 
flection  coefficients  on  the  frequency,  the  tapered 
undulator,  RF  space-charge  field,  and  the  voltage 
drop  in  time. 


Fig.  2.  Illustration  of  the  mode  excitation  for  different  initial  position  of  the  amplification  band  with  respect  to  the  feedback  frequency 
band,  R{f),  (different  initial  voltages). 
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3.  FEM  dynamics  during  the  voltage  drop 

In  the  simulations,  we  consider  the  FEM  opera¬ 
tion  at  the  electron-beam  current  of  7.2  A  and  the 
frequency  around  200  GHz.  Simulations  show  that 
the  dynamics  of  the  FEM  significantly  depends  on 
the  value  of  the  initial  electron  energy  (accelerating 
voltage).  Namely,  it  depends  on  the  initial  position 
of  the  amplification  band  with  respect  to  the  fre¬ 
quency  band  of  the  feedback.  The  most  interesting 
case  is  when  at  the  beginning  of  the  electron  pulse 
the  center  of  the  amplification  band  is  at  the  higher 
frequency  border  of  the  feedback  band  (Fig.  2a).  In 
this  case,  at  the  beginning  of  the  electron  pulse 
a  mode,  placed  at  this  border  of  the  feedback  band 
(203  GHz),  is  excited  after  a  some  transient  process. 
Then,  due  to  the  voltage  drop  during  the  electron 
pulse,  the  position  in  frequency  of  the  center  of  the 
amplification  band  decreases  in  time.  Thus,  the 
amplification  band  shifts  towards  lower  frequencies 
and  passes  through  the  entire  frequency  band  of  the 
feedback,  being  quite  broad  as  compared  with  the 
amplification  band  (which  amounts  about  10  GHz). 
During  this  process,  the  203  GHz  mode  gradually 
runs  out  of  the  amplification  band.  Correspond¬ 
ingly,  its  power  decreases  in  time  almost  down  to 
zero  (Fig.  3a).  Once  the  203  GHz  mode  is  out  of  the 
amplification  band  and,  therefore,  its  coupling  with 
electrons  becomes  weak,  another  mode  with 
a  lower  frequency  (198.5  GHz)  is  excited.  With 
a  further  drop  of  the  voltage,  this  mode  also  runs 
out  of  the  amplification  band,  but  no  new  modes 
are  excited  because  no  feedback  is  provided  for 
lower  frequencies.  Thus,  while  the  voltage  drops 
slowly,  the  change  in  the  frequency  of  the  output 
radiation  is  not  a  continuous  but  a  stepped  charac¬ 
ter.  Evidently,  the  value  of  the  frequency  step  is  of 
the  order  of  the  width  of  the  amplification  band. 
This  result  is  confirmed  by  the  experiment,  where 
a  stepped  change  in  the  frequency  with  the  corre¬ 
sponding  temporal  modulation  of  the  output 
power  have  been  observed  (Fig.  4). 

A  different  situation  takes  place  at  a  slightly 
lower  initial  electron  energy.  In  this  case,  the  ampli¬ 
fication  band  is  at  lower  frequencies  (Fig.  2b)  at  the 
beginning  of  the  pulse,  as  compared  to  the  previous 
case.  Correspondingly,  a  mode  at  lower  frequency 
(200.5  GHz)  is  excited,  and  simulations  predict  the 


Fig.  4.  Experimental  demonstration  of  the  stepped  change  of 
the  operating  frequency  due  to  the  voltage  drop.  The  output 
power  versus  time  for  the  case  of  feedback  coefficient  of  0.50  and 
initial  voltage  of  1.773  MV. 

single-frequency  operation  of  this  mode  during  al¬ 
most  the  entire  RF  wave  pulse  (Fig.  3b).  Only  at  the 
final  stage  of  the  FEM  operation  another  modes 
with  lower  frequencies  (near  198.5  GHz)  are  excit¬ 
ed,  but  their  share  is  small  due  to  a  weak  feedback. 
According  to  simulations,  if  the  initial  voltage  is 
even  lower,  then  a  mode  with  a  lower  frequency 
(199  GHz)  is  excited  at  the  beginning  of  the  maser 
operation,  and  the  output  radiation  is  single- 
moded  during  the  entire  RF  pulse  (Fig.  3c).  In 
addition,  the  duration  of  the  RF  pulse  decreases. 

The  situation  is  significantly  changed  when  the 
initial  electron  energy  is  so  low  that  at  the  begin¬ 
ning  of  the  FEM  operation  the  amplification  band 
is  close  to  the  lower  frequency  border  of  the  feed¬ 
back  band  (Fig.  2d).  In  this  case,  due  to  a  weak 
feedback  for  all  modes  of  the  amplification  band, 
the  output  power  is  low.  This  means  that  the 
regime  of  the  FEM  operation  has  almost  the  small- 
signal  character.  So,  the  interaction  between  differ¬ 
ent  modes  of  the  amplification  band  is  weak  and, 
therefore,  there  is  no  mode  competition  (mode  sup¬ 
pression).  Thus,  many  modes  of  the  amplification 
band  with  relatively  low  frequencies  (199-197  GHz) 
are  excited  (Fig.  3d).  It  is  important  that  in  the  case 
of  relatively  low  values  of  the  initial  electron  en¬ 
ergy,  the  dependence  of  the  feedback  coefficient  on 
the  frequency  causes  a  strong  sensitivity  of  the 
FEM  dynamics  to  the  initial  electron  energy.  Ac¬ 
tually,  as  compared  to  the  case  shown  in  Fig.  3c,  in 
the  case  of  Fig.  3d  the  initial  voltage  is  only  1.4  kV 
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(a)  Time  (|is) 


(b)  Time  (jxs) 


Fig.  5.  The  output  power  versus  time.  Experimental  results  for  the  case  of  feedback  coefficient  of  0.55,  and  initial  voltages  of  1.770  MV 
(a)  and  1.769  MV  (b). 


lower.  This  theoretical  result  is  in  a  good  accord¬ 
ance  with  the  experiment.  For  example,  in  Figs.  5a 
and  b  the  experimental  results  for  initial  voltages 
1.770  and  1.769  MV  are  given.  It  is  seen  that  a  1  kV 
decrease  of  the  initial  voltage  leads  to  a  decrease  in 
the  peak  of  the  output  power,  as  well  as  to  signifi¬ 
cant  temporal  modulation  of  the  power  due  to  the 
multi-mode  operation. 

4.  Conclusion 

At  the  first  stage  of  the  experiment,  the  Fusion- 
FEM  oscillator  was  tested  without  a  recovery  sys¬ 
tem  (inverse  set-up),  which  led  to  a  drop  of  the 
accelerating  voltage  in  time.  According  to  simula¬ 
tions,  which  are  in  a  good  accordance  with  the 
experimental  results,  this  effect  significantly  com¬ 
plicated  the  process  of  the  interaction  of  different 
longitudinal  modes.  During  the  electron-beam 
pulse,  the  frequency  of  the  electron-wave  resonance 
decreases  and,  therefore,  different  modes  are  in  the 
resonance  with  electrons  in  different  temporal  in¬ 
tervals  of  the  electron-beam  pulse.  In  this  situation, 
the  dynamics  of  the  FEM  significantly  depends  on 
the  initial  value  of  the  voltage  (at  the  beginning  of 
the  electron  pulse).  At  some  initial  voltages,  the 
voltage  drop  leads  to  a  decrease  of  the  frequency  of 
the  output  radiation.  It  is  important  that  although 
the  voltage  drops  slowly,  the  change  in  frequency 


has  a  stepped  character.  The  value  of  this  frequency 
step  is  as  large  as  the  width  of  the  amplification 
band  of  the  FEM. 
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Abstract 

Recovery  of  residual  energy  in  the  electron  beam  leaving  the  FEL  interaction  region  allows  considerable  improvement 
in  two  problem  areas  of  particular  concern  in  high  average  power  designs:  (1)  the  RF  power  required  to  generate  a  given 
average  optical  output  power  is  reduced,  and  (2)  the  power  and  energy  of  the  beam  which  must  be  dumped  are  reduced, 
with  concomitant  reductions  in  the  amount  of  heat  which  must  be  removed  and  in  the  radiation  shielding  requirements. 
Recirculation  of  the  beam  for  a  second  pass  through  the  linac  allows  the  residual  beam  power  to  be  recovered  in  the  same 
RF  structure  used  for  acceleration,  minimizing  the  investment  in  structure  and  yielding  a  compact  layout.  If  the  energy 
recovered  from  the  beam  is  adjusted  so  that  the  part  which  interacted  with  the  FEL  optical  fields  is  reduced  to  the  same 
energy  as  the  part  of  the  beam  which  did  not  (“differential”  energy  recovery),  then  a  relationship  between  the  RF  power 
required,  the  power  delivered  to  the  FEL  optical  mode,  the  beam  current,  and  the  linac  structure  s  external  coupling 
coefficient  is  established.  For  a  100  kW  optical  output  example  using  eight  TESLA-type  superconducting  cavities, 
a  minimum  of  250  kW  of  RF  power  is  required  if  Qe  is  adjusted  to  2  x  106.  This  would  be  less  power  than  that  required  for 
beam  loading  in  the  injector  linac.  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 


1.  Introduction 

The  wiggler  extraction  efficiency  for  near  IR  and 
visible  FELs  is  typically  less  than  10%.  Thus,  at 
least  90%  of  the  energy  invested  in  the  beam  re¬ 
mains  there  after  the  beam  exits  the  FEL  inter¬ 
action.  In  high  average  power  FELs,  this  represents 
an  enormous  amount  of  wasted  energy  which  not 
only  was  obtained  at  considerable  expense  in  the 
form  of  RF  power,  but  which  will  ultimately  gener- 


*Work  supported  by  USA/SSDC  under  Contract  DASG60- 
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ate  unpleasant  radiation  when  the  beam  is  stopped. 
Recovery  of  a  large  part  of  this  residual  beam 
energy,  preferably  in  the  form  of  RF  energy  usable 
in  the  beam  acceleration  process,  is  therefore 
strongly  motivated,  and  has  been  the  subject  of 
theoretical  and  experimental  study  at  several  labor¬ 
atories  for  over  a  decade  [1-7].  Two  basic  architec¬ 
tures  can  accomplish  this  objective:  (1)  residual 
energy  is  extracted  in  a  dedicated  energy  recovery 
structure  through  which  the  beam  passes  on  its  way 
between  the  FEL  wiggler  and  the  beam  dump,  the 
recovered  energy  being  transmitted  by  waveguide 
back  to  the  accelerating  structure  where  it  is  com¬ 
bined  with  the  output  of  the  high-power  RF  ampli¬ 
fier,  and  (2)  the  beam  is  recirculated  back  through 
the  accelerating  structure  for  a  second  pass,  for 
which  it  is  phased  to  deliver  energy  to  the  RF  fields. 


0168-9002/99/$ -see  front  matter  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 
PII:  SOI  68-9002(99)00066-2 


AM.  Vetter  /  Nuclear  Instruments  and  Methods  in  Physics  Research  A  429  (1999)  52-57 


53 


FEL  OPTICAL  CAVITY 


TRANSPORT  TRANSPORT 


Fig.  1.  Schematic  layout  for  same  cell  energy  recovery  FEL. 


Because  the  recovered  beam  energy  would  be  con¬ 
verted  to  RF  energy  in  the  same  structure  where 
RF  energy  is  converted  to  beam  energy  for  the 
accelerated  beam,  this  architecture  is  termed  “same 
cell”  energy  recovery. 

Contrasted  with  the  first  architecture  option 
mentioned  above,  the  same  cell  recovery  approach 
(shown  schematically  in  Fig.  1)  eliminates  the  need 
for  additional  RF  energy  recovery  structure,  re¬ 
covered  power  transmission  waveguide,  and  power 
combining  components,  and  enjoys  a  more  com¬ 
pact  layout.  Because  of  significant  reduction  in 
the  RF  power  which  must  be  coupled  into  the 
accelerating  structure  to  satisfy  the  net  beam  load¬ 
ing  requirements,  same  cell  energy  recovery  is  argu¬ 
ably  more  amenable  to  the  use  of  superconducting 
accelerator  structure,  which  further  reduces  the  to¬ 
tal  RF  power  requirements  of  the  linac. 

The  price  of  these  benefits  includes,  at  a  min¬ 
imum:  complication  of  beam  transport  problems, 
especially  in  connection  with  accommodating  the 
wide  energy  spread  of  the  recovery  pass  electron 
beam;  accelerator  mode  instabilities  involving  in¬ 
teraction  between  the  FEL  and  the  RF  system;  and 
possible  transverse  beam  breakup  instabilities.  It  is 
our  objective  here  to  examine  the  RF  system  design 
implications  of  certain  approaches  to  the  beam 
transport  problems  in  a  same  cell  energy  recovery 
FEL  employing  superconducting  linac  structure. 

2.  Efficiencies  and  trapping  fraction 

Consider  the  energy  recovery  FEL  layout  illus¬ 
trated  in  Fig.  1,  where  the  beam  leaves  the  injector 


with  energy  Eb  gains  energy  Ea  in  the  main  linac, 
and  enters  the  wiggler  with  energy  £w  =  E{  +  £a. 
We  will  adopt  a  simple,  two-component  model  for 
the  interaction  of  the  beam  with  the  optical  fields  in 
the  wiggler:  a  fraction  Ft  of  the  beam  is  “trapped”  in 
the  FEL  ponderomotive  well  and  delivers  power 
Py  to  the  FEL  photon  field.  The  portion  of  the 
beam  which  was  not  trapped  returns  to  the  main 
linac  with  energy  £w,  whereas  the  trapped  portion 
loses  energy  A E  and  returns  to  the  main  linac  with 
energy  £t  for  the  energy  recovery  pass.  Thus,  the 
bimodal  energy  spectrum  of  the  electron  beam 
leaving  the  wiggler  is  approximated  by  two  mono- 
energetic  beams  which  are  temporally  superposed 
at  the  wiggler  exit. 

The  overall  wiggler  extraction  efficiency  is  rfw,  so 

Py  =  riwPb  =  ^AE  (1) 

where  Pb  is  the  total  electron  beam  power  at  the 
wiggler  entrance.  The  trapped  beam  energy  loss  is 

AE  =  Ew  -  Et  =  rjtEw  (2) 

where 

1<  =  1  -  j~  (3) 

is  the  energy  conversion  efficiency  for  the  trapped 
part  of  the  beam.  Substituting  Eq.  (2)  in  (1),  we 
obtain 

F I 

Mb  =  —  titEw  =  F,  fjtpb  (4) 

e 
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and 

£t  =  £w(l-*)  =  £w(l-^)  (6) 


3.  Differential  energy  recovery 

If  both  the  trapped  and  untrapped  parts  of  the 
recovery  pass  beam  are  decelerated  by  the  same 
amount,  then  the  trapped  part  will  reach  the  separ¬ 
ation  transport  with  an  energy  which  is  still  A E 
lower  than  the  energy  of  the  untrapped  beam, 
which  is  the  injection  energy  Ev  The  normalized 
energy  separation  A EjE\  may  be  inconveniently 
large  for  the  separation  transport  to  accommodate. 
For  the  purposes  of  the  present  analysis ,  we  will 
assume  that  both  the  trapped  and  untrapped  compo¬ 
nents  of  the  recovery  pass  beam  arrive  at  the  separ¬ 
ation  transport  with  the  same  energy  Fj,  a  situation 
which  we  refer  to  as  “differential  energy  recovery”. 

The  energy  extracted  from  the  trapped  portion  of 
the  beam  is  controlled  by  shifting  the  phase  of 
the  trapped  part  of  the  beam  <5t  relative  to  the  un¬ 
trapped  part,  which  passes  through  the  linac  at 
maximum  decelerating  phase.  The  energy  removed 
from  the  untrapped  part  is  2£a,  and  from  the  trapped 


part  is 

Ea  cos  5t  =  Et  —  E{ 

=  £w(i  -  -  £, 

=  £„-£ 

i  =  Pa  >?tPw 

(7) 

so 

Ew 

cos  ot  =  1  -  Jft— . 

Pa 

(8) 

When  the  trapped  portion  of  the  beam  arrives  for 
the  second  pass  through  the  linac  at  a  phase  which 
is  different  from  that  of  maximum  deceleration,  it 
appears  to  the  RF  system  as  a  phase  “error”  which 
tends  to  pull  the  phase  of  the  RF  fields  in  the 
structure.  We  can  calculate  how  much  effort  will  be 
required  from  the  RF  system  to  correct  this  reactive 


beam  loading  by  drawing  and  analyzing  the  struc¬ 
ture  voltage  phasor  diagram. 


4.  Contributions  to  accelerator  structure  voltage 


In  the  limit  of  very  large  coupling  coefficient  (i.e., 
when  Qe  gD)  it  is  convenient  to  define  a  loaded 
shunt  impedance 


(9) 


where  Rs  is  the  shunt  impedance  conventionally 
defined  by 


(10) 


Pc  being  the  dissipative  losses  of  the  structure  when 
the  amplitude  of  the  accelerating  voltage  waveform 
is  Ve.  With  this  definition,  the  RF  input  from 
the  high-power  amplifier  produces  a  voltage  com¬ 
ponent 

14  =  2  (11) 

4>  being  the  phase  of  the  RF  input  of  the  cavity  and 
Pf  being  the  forward  power.  Each  beam  component 
induces  a  voltage  contribution  in  phase  with  the 
beam  current.  Thus,  the  accelerating  pass  beam 
induces  a  voltage 

Vi  =  IbRi  (12) 

the  trapped  part  of  the  recovery  pass  beam  induces 
a  voltage 

Vt  =  ItRi  (13) 


and  so  on. 

To  illustrate  the  various  contributions  to  the 
complex  total  cavity  voltage  Vc,  let  us  assume  the 
parameters  introduced  above  have  the  numerical 
values  shown  in  Table  1,  which  also  gives  derived 
values  for  a  main  linac  consisting  of  eight  struc¬ 
tures.  The  resulting  voltage  phasors  are  shown  in 
Fig.  2,  where  we  choose  the  phase  origin  such  that 
the  accelerating  pass  beam  is  aligned  with  the  nega¬ 
tive  real  axis.  It  is  assumed  for  simplicity  that 
no  quadrature  component  of  cavity  voltage  is 
required;  i.e.,  Vc  =  Vt  +  Oi. 


AM.  Vetter  f  Nuclear  Instruments  and  Methods  in  Physics  Research  A  429  (1999)  52-57 


55 


Table  1 

Numerical  values  for  FEL  system  parameters  used  to  determine 
cavity  voltages  shown  in  Fig.  2 


Parameter 

Value 

“Beam  energy  at  wiggler 

Ew 

100  MeV 

“Injection  energy 

20  MeV 

Main  linac  energy  gain 

80  MeV 

“Wiggler  extraction  efficiency 

5% 

“Trapping  fraction 

F{ 

0.5 

Trapped  beam  energy 
conversion  efficiency 

*h 

10% 

“Beam  current 

h 

20  mA 

Trapped  beam  current 

h 

10  mA 

“Number  of  linac  structures 

N 

8 

Structure  accelerating  voltage 

V\ 

10  MV 

“Loaded  shunt  impedance/structure 

R. 

1  GQ 

Accelerated  beam-induced  voltage 

Vi 

-20  MV 

Untrapped  beam-induced  voltage 

Vu 

+  10  MV 

Trapped  beam  phase  shift 

<5t 

29° 

Trapped  beam-induced  voltage 

(8.75 

+  i4.84)  MV 

°Parameters  (a)  are  assumed  a  priori,  while  other  quantities  are 
derived  using  equations  in  the  text  above. 


5.  RF  power  required 

Examination  of  Fig.  2  shows  that  the  triangle  has 
these  dimensions: 

base  =  Ft  +  Vi  =  LRi  +  Vi 

left  side  =  VX  =  ItRi 

right  side  =  Fk. 

The  Law  of  Cosines  allows  us  to  find  the  square  of 
the  right  side  in  terms  of  the  base,  the  left  side,  and 
the  angle  <5t  between  them. 


4  R.Pf  =  Vl 

=  (ItRi  +  Vi)2  +  ( I,R ,)2 

-2IiRl(IlRi  +  V,)cosdv  (14) 

Expanding  the  binomial  products,  collecting 
terms,  and  using  Eq.  (8),  we  arrive  at 

4  R,Pf  =  V2  +  2 +  V,)  (15) 

whence 


P  _  Vi  „  \ 

P{-4 Ri  +  ^E7{I'Rl+Vl)- 
Using  Eqs.  (1)  and  (4),  we  have 


(16) 


(17) 


which,  with  the  fact  that  E„  =  eVa  =  NeV,  where 
N  is  the  number  of  structures  in  the  linac,  allows  us 
to  express  Eq.  (16)  as 


P<  = 


YL  +  Ll 

4  R,  2  N 


(18) 


Using  the  numerical  example  above, 

_  (10  MV)2  100  kW/  0.01  A  x  1  GQ\ 
f  _  4 x  1  GO  +  2x8  V  +  10  MV  ) 


=  25  kW  +  12.5  kW  =  37.5  kW.  (19) 


6.  Optimum  external  coupling 

Is  it  possible  to  improve  on  this  requirement  by 
adjusting  Rtf  We  differentiate  Eq.  (18)  with  respect 


Fig.  2.  Phasor  diagram  for  one  of  the  eight  structures  of  the  main  linac  in  the  FEL  described  in  Table  1. 
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to  Rh  obtaining 


dPf  + 

d  R,  4Rf  2N\vJ 


(20) 


For  minimum  P{,  the  derivative  will  vanish  so  that 


vy  =  Mm] 

4 Rt  2 N\  V,  ) 


(21) 


or,  alternatively, 


Hi, opt 


h,/,  V, 
2  PJN  I, 


(22) 


Substitution  of  Eq.  (21)  in  Eq.  (18)  gives  the  min¬ 
imum  value  for  P{. 


Pj  1  ,  l,Rl\  Py(  1 


It  2  + 


VJt 


2  (Py/N) 


Py 

N 


(23) 


Note  that  since  eVa  >  AE,  the  quantity  under  the 
radical  in  Eq.  (23)  always  exceeds  1/2,  and  the 
quantity  inside  the  parentheses  therefore  always 
exceeds  unity.  The  total  RF  power  requirement  for 
the  main  linac  NP{>min  therefore  always  exceeds  the 
power  Py  delivered  to  the  photon  field. 

To  see  how  far  from  optimum  the  value  of 
Ry  assumed  in  Table  1  is,  we  evaluate  Eq.  (22): 


^l.opt 


1  ViU  Vi 

2  PJN  It 


10  MV  x  0.01  A  10  MV 
2  x(100  kW/8)  0.01  A 


100  kW 
25  kW 


1GQ  =  2  GQ. 


(24) 


The  lowest  possible  RF  power  requirement  would 
be 


p  =^(-+ 

rUmi«  jv  l  2 


2AE 


=  12.5  kW(i  +  ^4)  =  3 1.25  kW.  (25) 


Fig.  3.  Power  requirement  normalized  to  minimum  value  plot¬ 
ted  against  loaded  shunt  impedance  normalized  to  optimum 
value. 


Thus,  by  missing  the  optimum  loaded  shunt  impe¬ 
dance  by  a  factor  of  2,  we  suffer  a  20%  increase  in 
RF  power  required  to  deliver  the  nominal  beam  to 
the  wiggler. 

Defining  the  normalized  loaded  shunt  impe¬ 
dance  r  and  required  forward  power  p  by 


Ri 

r=R - 

-fM.opt 

and 


(26) 


(27) 


we  can  express  the  required  RF  power  in  terms  of 
the  minimum  requirement 


1  +  yK(}  +  r) 

1  +  2  yx 


(28) 


where  K  =  VJJ2Py  =  VJ2t]tV„.  Eq.  (28)  is  plotted 
for  K  =  1,4,  and  9  in  Fig.  3. 


7.  Conclusions 

We  have  seen  that  if  differential,  same  cell  energy 
recovery  is  implemented  in  a  high  average  power 
(100  kW)  FEL  architecture  incorporating  TESLA 
type  linac  structures  for  80%  of  the  beam  energy 
delivered  to  the  wiggler,  a  minimum  of  250  kW  of 
RF  power  would  be  required  by  the  main  linac  to 
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overcome  the  reactive  beam  loading  of  the  recovery 
pass  beam  (this  is  in  addition  to  the  RF  power 
consumed  by  the  injector  linac,  which  would  be  at 
least  400  kW  for  beam  loading  alone  in  this 
example,  where  Ph  —  £,/b  =  20  MV  x  20  mA).  The 
required  Qe  for  the  main  linac  structures  falls  within 
the  nominal  range  for  the  high  power  coupler  for 
that  structure. 

While  the  RF  power  required  for  the  main  linac 
could  be  further  reduced  by  resorting  to  non-differ¬ 
ential  energy  recovery,  it  would  not  reduce  the 
injector  linac  power  requirements  which  already 
dominate  those  of  the  main  linac  in  differential 
energy  recovery  mode. 
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Abstract 

Recirculating,  energy-recovering  linacs  can  be  used  as  driver  accelerators  for  high  power  FELs.  Instabilities  which 
arise  from  fluctuations  of  the  cavity  fields  are  investigated.  Energy  changes  can  cause  beam  loss  on  apertures,  phase 
oscillations  and  optical  cavity  detuning.  These  effects  in  turn  cause  changes  in  the  laser  output  power  through 
a  time-varying  FEL  gain  function.  All  three  effects  change  the  beam-induced  voltage  in  the  cavities  and  can  lead  to 
unstable  variations  of  the  accelerating  field  and  output  laser  power.  We  have  developed  a  model  of  the  coupled  system 
and  solved  it  both  analytically  and  numerically.  It  includes  the  beam-cavity  interaction,  low  level  RF  feedback,  and  the 
electron-photon  interaction.  The  latter  includes  the  FEL  gain  function  in  terms  of  cavity  detuning,  energy  offset,  and  is 
valid  both  in  the  small  signal  gain  and  in  the  saturated  regimes.  We  have  demonstrated  that  in  the  limit  of  small 
perturbations,  the  linear  theory  agrees  with  the  numerical  solutions  and  have  performed  numerical  simulations  for  the  IR 
FEL  presently  being  commissioned  at  Jefferson  Lab.  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  FEL-RF  interactions;  Beam-cavity  interaction;  Electron-photon  beam  interaction 


1.  Introduction 

Jefferson  Lab’s  infrared  free  electron  laser  (IR- 
FEL)  is  presently  being  commissioned  to  produce 
continuous-wave,  kW-level  light  at  3-6  pm 
wavelength.  Output  power  of  311  W  at  5  pm  has 
been  achieved  to  date  with  straight  ahead  opera¬ 
tion  [1,2],  and  commissioning  of  recirculation  with 
energy  recovery  is  currently  underway.  The  IRFEL 
injector  consists  of  a  350  kV  photocathode  gun, 
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followed  by  a  copper  buncher  cavity  and 
a  CEBAF-type  1497  MHz  superconducting  RF 
(SRF)  cryounit  to  generate  an  average  accelerating 
gradient  of  10  MV/m,  boosting  the  beam  to  10 
MeV.  The  linac  uses  a  full  CEBAF-type  1497  MHz 
SRF  cryomodule  to  generate  an  average  accelerat¬ 
ing  gradient  of  8  MV/m,  for  a  resulting  beam  en¬ 
ergy  of  42  MeV.  The  design  average  beam  current  is 
5  mA.  The  beam  is  transported  from  the  linac  to  the 
wiggler  where  the  lasing  process  takes  place. 
A  transport  lattice  recirculates  the  spent  beam  back 
to  the  linac  for  deceleration  and  energy  recovery 
where  about  75%  of  the  beam  power  is  converted 
into  RF  power.  The  10  MeV  beam  is  then  trans¬ 
ported  to  a  dump.  Electron  beam  recirculation 


01 68-9002/99/$ -see  front  matter  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 
PII:  SOI  68-9002(99)00067-4 


L.  Merminga  et  al.  /  Nuclear  Instruments  and  Methods  in  Physics  Research  A  429  (1999)  58-64 


59 


reduces  power  consumption,  RF  equipment  capital 
costs,  and  beam  dump  shielding  requirements.  It  is 
arguably  essential  as  FEL  technology  is  scaled  to 
higher  average  power  levels. 

Fluctuations  of  the  cavity  fields  in  the  linac  can 
cause  beam  loss  on  apertures,  phase  oscillations 
and  optical  cavity  detuning.  Beam  loss  can  orig¬ 
inate  from  an  energy  error  which  shifts  the  beam 
centroid  off  its  central  trajectory  and  leads  to  beam 
scraping  on  apertures.  Phase  shifts  can  originate 
from  an  energy  error  coupled  to  the  finite  compac¬ 
tion  factor,  M56,  of  an  non-isochronous  arc.  Com¬ 
paction  factor  is  defined  as  the  transfer  matrix 
element  which  multiplied  by  an  energy  offset  A  E/E 
equals  the  resulting  deviation  in  the  path  length,  A/, 

A  f 

Al  -  M56—.  (1) 

E 

Furthermore,  the  time  derivative  of  an  energy  error 
coupled  to  the  M56  will  result  in  a  shift  of  the  bunch 
arrival  frequency  at  the  wiggler,  which  is  equivalent 
to  optical  cavity  detuning.  Both  cavity  detuning 
and  electron  beam  energy  error  can  cause  changes 
in  the  FEL  gain  function,  which  also  changes  the 
laser  output  power.  The  total  change  of  the  laser 
power  is  the  sum  of  two  terms:  one  just  described 
and  a  second  one  caused  by  the  electron  beam 
energy  error  directly.  Moreover,  changes  in  the 
laser  power  will  change  the  energy  of  the  recir¬ 
culated  beam,  potentially  leading  to  additional 
beam  loss  on  apertures  and  phase  shift  of  the  decel¬ 
erating  beam. 

All  three  effects  -  beam  loss,  phase  shifts  and 
laser  power  variations  -  change  the  beam-induced 
voltage  in  the  cavities  through  the  recirculating 
beam.  Depending  on  the  RF  feedback  character¬ 
istics  this  can  lead  to  instabilities  both  of  the  accel¬ 
erating  field  and  the  laser  output  power. 

We  have  developed  a  system  of  equations  which 
models  the  complete  system  of  the  RF  and  the 
FEL.  We  have  obtained  an  analytical  solution  of 
the  equations  which  is  valid  in  the  linear  regime 
where  perturbations  from  equilibrium  are  small,  in 
order  to:  (a)  perform  stability  analysis  to  determine 
stability  boundaries,  growth  rates  of  instabilities 
and  threshold  currents;  (b)  obtain  an  insight  on  the 
stability  conditions  of  the  coupled  system;  (c) 


benchmark  the  numerical  model.  We  have  also 
developed  a  code  which  numerically  integrates  the 
equations  of  motion  and  has  the  capability  of  deal¬ 
ing  with  transient  effects  and  response  to  large 
parameter  variations,  nonlinear  effects,  precise  rep¬ 
resentation  of  RF  control  feedback  system  and 
noise  sources  such  as  microphonic. 

In  Section  2  we  present  the  system  of  equations 
that  describe  our  model.  In  Section  3  we  show 
comparisons  between  analytical  and  numerical  re¬ 
sults  and  conclude  with  simulations  of  the  complete 
system,  including  the  FEL,  and  its  expected  behav¬ 
ior  during  normal  operating  conditions. 


2.  The  model 


The  interaction  of  the  beam  with  the  cavity  fields 
can  be  described,  to  a  very  good  approximation,  by 
the  following  first-order  differential  equation, 


dv r  (Do  n  .  w\i7  r, 

+  — (1  -  i  tan  W)VC  =  g  -  /b)  (2) 


dt  2  fiLx 


26l 


where  co0  is  the  cavity  resonant  frequency,  QL  is  the 
loaded  Q  of  the  cavity  and  jRl  is  the  loaded  shunt 
impedance  RL  =  ( R/Q)Ql •  The  beam  in  the  cavity  is 
represented  by  a  current  generator.  In  arriving  at 
Eq.  (2)  we  assume  that  the  cavity  voltage,  generator 
and  beam  current  vary  as  e10*,  where  co  is  the  RF 
frequency,  and  Vc,  Tg  and  fb  are  the  corresponding 
complex  amplitudes  (phasors)  in  the  rotating  frame 
of  reference,  varying  slowly  with  time.  In  this  equa¬ 
tion  Ih  (absence  of  tilde  denotes  the  magnitude  of 
the  corresponding  quantity)  is  equal  to  the  average 
beam  current  (in  the  limit  of  short  bunches).  Also 
lF  is  the  tuning  angle  defined  by  tan  F  = 
—  2 Ql(o)  —  co0)/coG.  In  steady-state  the  generator 
power  is  given  by 


ps  = 


(1+0,2 

4/? 


i;Rl 


where  is  the  cavity  coupling  coefficient,  and  can 
be  calculated  from  Qh  =  2o/(l  +  /0- 
The  cavity  voltage  is  perturbed  in  amplitude  and 
phase,  by  v(t)  and  <j>(t),  respectively, 

K  =  [V0  +  v(t)¥M,) 
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where  V0  is  the  steady-state  cavity  voltage.  All 
phases  are  calculated  with  respect  to  the  steady- 
state  cavity  voltage. 

The  beam  current  Ib  is  equal  to  the  sum  of  the 
accelerating  and  decelerating  beam  current, 

4  =  h  +  h  (3) 

Assuming  that  the  accelerating  beam  remains 
unperturbed,  can  be  written  as 

h  = 


where  XF1  is  the  accelerating  beam  phase.  The  decel¬ 
erating  beam  however  can,  in  principle,  be  pertur¬ 
bed  both  in  magnitude  and  phase, 

r2  =  /0[1 

where  W2  is  the  steady-state  phase  of  the  decelerat¬ 
ing  beam,  4>2  is  the  phase  shift  from  stead-state  and 
is  given  by 

<j>2(t)  =  he !  +  (h  -  h^Ej  (4) 


where  is  the  energy  error  of  the  accelerating 
beam  at  the  cryomodule  exit,  originating  from  cav¬ 
ity  voltage  fluctuations,  and  e2  is  the  energy  error 
due  to  the  interaction  with  the  photon  beam.  Also 
h  and  hx  are  defined  as 


,  M56co 
h  =  ——, 
cEh 


hi 


M^eco 

cEh 


where  M56  is  the  compaction  factor  from  the 
cryomodule  exit  to  its  entrance  and  M\e  is  the 
compaction  factor  between  the  cryomodule  exit 
and  the  wiggler.  Eb  is  the  electron  beam  energy  at 
the  cryomodule  exit.  p,(e)  is  a  function  of  beam 
losses  and  e  is  the  total  energy  error,  s  =  +  e2. 


2.1.  Beam  losses 


We  have  two  ways  of  expressing  the  beam  loss 
parameter  fj.  as  function  of  the  energy  error  s,  linear 
and  nonlinear.  In  the  linear  expression, 


Ke)  =  ~ 


LunEb 


(5) 


rjx  is  the  horizontal  dispersion  of  the  arc  and  Llin  is 
a  loss  coefficient  which  characterizes  the  amount  of 


beam  loss.  Llin  =  1  implies  that  1  mm  offset  pro¬ 
duces  beam  loss  at  the  10" 3  level. 

While  a  linear  beam  loss  term  is  relevant  for 
small  signal  stability  analysis,  it  is  clearly  inad¬ 
equate  for  large  signals.  A  more  realistic  repres¬ 
entation  of  the  beam  loss  as  function  of  energy 
deviation  is  obtained  assuming  that  ju  is  a  nonlinear 
function  determined  by  the  shape  of  the  energy 
distribution  of  the  electron  beam  in  the  transverse 
dimension,  horizontal  dispersion  of  the  arc,  aper¬ 
ture  of  the  vacuum  chamber,  and  initial  displace¬ 
ment  of  beam  centroid  with  respect  to  the  center 
of  the  vacuum  chamber.  If  a  is  the  standard 
deviation  of  an  assumed  Gaussian  transverse  beam 
distribution,  S  is  the  semi-aperture  of  the  vacuum 
chamber  in  energy  units,  a  is  the  steady-state 
shift  of  the  unperturbed  beam  from  the  center  of  the 
vacuum  chamber  in  energy  units,  and  e  is  the 
energy  error,  the  expression  for  the  beam  loss  func¬ 
tion  is  [3] 


2.2.  Feedback 

In  the  open  loop  analysis  we  assume  that  the 
generator  current  Tg  is  constant  and  is  expressed  in 
polar  form  by 


In  the  presence  of  feedback,  the  generator  cur¬ 
rent  Tg  is  no  longer  constant,  but  it  depends  on  the 
cavity  voltage  vector  and  its  history.  In  the  existing 
Jefferson  Lab  RF  control  module  [4],  it  assumes 
the  form 

7g  =  [Jg0  +  AIg(t)y[^+A^t)] 

where  A Is(t)  is  the  additional  signal  providing  am¬ 
plitude  feedback,  and  AWg (t)  is  the  additional  signal 
providing  phase  feedback  [5].  The  transfer  function 
in  the  feedback  path  is  presently  modeled  as  a  low- 
pass  filter  with  gain  G  and  roll-off  frequency 
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(2nT)  1.  Therefore  the  Laplace  transforms  of  A Ig 
and  A*Pg  are 

A/g(s)  =  G  v(s) 

ho  1  +  ST  Fo 

and 

A'W  =  -  TT^T^(S)  {8) 

where  t)(s)  and  $(s)  are  the  errors  in  the  amplitude 
and  phase  of  the  cavity  field. 


2.3.  Laser  power 


Two  basic  processes  are  considered  in  deriving 
the  equation  for  the  laser  power.  These  are  (a)  the 
interaction  with  the  electron  beam  as  it  passes 
through  the  wiggler  and  (b)  the  power  losses 
through  the  mirrors  of  the  optical  cavity.  Using 
conservation  of  energy  arguments  the  equation  for 
the  laser  power  can  be  written  as 


d P 
d  t 


1 

Tj 


P 


(9) 


where  r  is  the  decay  time  of  the  optical  cavity, 
Tlas  =  2 Lw/c  is  the  round  trip  time,  G,  is  the  FEL 
gain  function  and  P  denotes  the  power  stored  in  the 
optical  cavity.  Presently  we  use  Dattoli’s  [6]  FEL 
gain  function  given  by 


G{  —  —  O.85g0 


0  ln[(<9/6>s)(l  -  pc/3)/(x)]  ~  1 


0, 


1  -  (ei/aEhy 


(10) 


The  function  f(x)  is  the  saturation  function 


fix)  = 


bx 

1  -e~bx 


where  x  =  P/Ps  is  the  ratio  of  laser  power  to  satura¬ 
tion  laser  power,  and  b  =  1.045tu/2.  The  variable 
0  is  defined  as 


4  SL 

0  = — - 
QoA 

where  A  =  NXL  is  the  slippage,  N  is  the  number  of 
wiggler  periods,  kL  the  laser  wavelength,  and  3L  the 
cavity  detuning.  0S  =  0.456  is  a  constant.  g0  is  the 


gain  coefficient  and  pc  is  ratio  between  slippage  and 
electron  bunch  length,  pc  =  A/oz.  Finally  a  ~  1/2 N 
and  e1  is  the  electron  beam  energy  error. 

The  FEL  gain  function  thus  written  allows  us  to 
calculate  the  effect  of  a  slow  shift  in  the  arrival 
frequency  of  the  electron  bunches  on  the  laser  out¬ 
put  power.  The  electron  bunch  frequency  shift  Sco  is 
given  by 


and  this  is  equivalent  to  cavity  detuning, 

SL  Sco 
L  0)0 

which  enters  in  the  expression  for  0.  Also  notice  in 
the  denominator  of  the  FEL  gain  function  the  di¬ 
rect  dependency  of  the  FEL  gain  on  the  electron 
beam  energy  error.  The  saturation  function  f(x) 
allows  the  formalism  to  be  valid  both  in  the  small 
signal  gain  regime  (x«l)  and  in  the  saturated  re¬ 
gime  (x  >  1).  Finally,  the  electron  beam  energy 
error  due  to  the  interaction  with  the  photon  beam 
is  given  by 


S(GtP) 


and  contains  contributions  both  from  the  gain 
function  and  the  laser  power. 

In  the  analytical  model  we  linearize  the  complete 
system  of  equations  and  take  the  Laplace  trans¬ 
form.  The  results  can  be  expressed  as  a  system  of 
three  algebraic  equations  MA  =  0,  where  M  is 
a  3  x  3  matrix  and  A  is  the  column  vector  with  v,  $ 
and  AP  as  components.  The  determinant  of  M  is 
then  set  to  zero  and  the  roots  of  s,  the  Laplace 
transform  variable,  are  examined.  The  real  parts  of 
the  roots  will  provide  the  damping  or  growth  rates 
of  perturbations.  The  imaginary  parts  of  the  roots 
will  give  the  oscillation  frequencies  of  v,  $  and  AP. 
If  all  roots  have  zero  or  negative  real  parts,  the 
system  is  stable. 

For  the  numerical  solution  of  the  system  of  equa¬ 
tions  the  code  “laser”  was  developed.  The  program 
is  written  in  C  +  +  using  Linux.  We  have  com¬ 
pared  the  analytical  model  with  the  numerical  solu¬ 
tion  for  the  cases  of  phase  oscillations  and  beam 
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Fig.  1.  Analytical  solution  of  the  real  part  of  s  as  function  of 
beam  current  for  the  cases  of  phase  instabilities,  beam  loss 
instabilities  and  both  combined. 

loss  instabilities  open  and  closed  loop  and  we  pres¬ 
ent  the  results  in  the  next  section. 

3.  Numerical  benchmarking  and  simulation  results 

Fig.  1  is  the  plot  of  the  real  part  of  s,  the  Laplace 
transform  variable,  as  function  of  beam  current,  as 
predicted  by  the  linear  theory  (closed  form  solution 
is  given  in  Ref.  [7])  for  nominal  operating  para¬ 
meters  of  Jefferson  Lab’s  IRFEL,  with  the  FEL 
turned  off.  For  the  design  value  ofM56  =  —  0.15m 
and  assuming  a  linear  scraping  model  with  Llin  =  1, 
then  in  the  absence  of  feedback  the  system  is  unsta¬ 
ble  at  I0  —  5  mA.  The  instability  threshold  is  1.7 
mA,  where  the  stability  boundary  curve  intersects 
the  s  =  0  line.  The  threshold  current  for  the  phase 
instability  alone  (assuming  an  “infinite”  energy  ap¬ 
erture)  is  27  mA.  Figs.  2  and  3  display  the  time 
dependence  of  the  energy  perturbation  as  cal¬ 
culated  from  the  code  “laser”.  Growth/Damping  in 
the  oscillation  amplitude  signifies  instability/stabil¬ 
ity  of  the  system.  In  Fig.  2  only  phase  oscillations 
are  present,  while  in  Fig.  3  the  linear  beam  loss 
mechanism  has  been  added.  The  dashed  curve  of 
Fig.  2  corresponds  to  26  mA,  the  dot-dash  curve  to 
28  mA  and  the  solid  curve  to  27  mA,  where  the 
stability  threshold  appears  to  be,  in  agreement  with 
the  analytical  solution.  Similarly  in  Fig.  3  the 


Fig.  2.  Numerical  solution  of  the  time  dependence  of  energy 
perturbation  in  the  case  of  phase  instabilities. 


Fig.  3.  Numerical  solution  of  the  time  dependence  of  energy 
perturbation  in  the  case  of  beam  loss  and  phase  instabilities. 

dashed  curve  which  corresponds  to  1.6  mA  damps 
towards  zero,  whereas  the  dot-dash  curve  which 
corresponds  to  2  mA  diverges.  The  stability  thre¬ 
shold  appears  to  be  close  to  1.7  mA  in  agreement 
with  the  analytical  model.  Finally  comparisons  be¬ 
tween  analytical  and  numerical  results  with  the 
feedback  loops  closed  show  very  good  agreement 
as  well. 

Next  we  present  numerical  results  on  the  stabil¬ 
ity  of  the  complete  system,  including  the  FEL. 
Fig.  4  displays  the  time  dependence  of  the  energy 
perturbation  s1  with  nominal  M56,  5  mA  of 
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Fig.  4.  Numerical  solutions  of  the  complete  system:  Energy 
perturbation  as  function  of  time  at  5  mA  beam  current,  feedback 
loops  open  and  closed  at  different  gains,  and  the  FEL  on  and  off. 


Fig.  5.  Numerical  solutions  of  the  complete  system:  Intracavity 
laser  power  as  function  of  time  at  5  mA  beam  current,  and 
feedback  loops  open  and  closed  at  different  gains. 


beam  current,  nonlinear  scraping  (a  =  0.75%, 
S  =  2.5%,  a  =  1.0%),  and  the  FEL  turned  on 
with  output  laser  power  approximately  1  kW, 
which  corresponds  to  intracavity  power  of  7.7  kW. 
The  different  curves  correspond  to  the  open  loop 
case,  closed  loop  with  zero-frequency  gain  G 
(as  defined  in  Eqs.  (7)  and  (8))  equal  to  5  and  20 
and  the  FEL  turned  off  and  gain  G  —  5.  The  roll¬ 


off  frequency  of  the  feedback  is  assumed  to  be  1.5 
kHz.  Fig.  5  diplays  the  time  dependence  of  the 
intracavity  laser  power  for  the  same  parameters. 
These  simulation  results  suggest  first,  that  the 
interaction  of  the  FEL  with  the  electron  beam  is 
unstable  open  loop,  and  second,  that  modest  gains 
and  bandwidths  well  within  the  range  of  the  low 
level  RF  control  feedback  are  sufficient  to  ensure 
stability. 


4.  Conclusions 

We  developed  a  model  of  the  interaction  of  the 
RF  with  an  FEL  which  we  solved  analytically  and 
numerically.  The  model  includes  beam-cavity  inter¬ 
action,  low  level  RF  feedback,  and  the  elec¬ 
tron-photon  beam  interaction  through  a  time- 
varying  FEL  gain  function.  The  gain  function  in¬ 
cludes  cavity  detuning,  energy  offset  and  is  valid  in 
the  small  signal  gain  and  saturated  regimes.  We  are 
presently  benchmarking  the  numerical  model 
against  the  analytical  one.  We  have  shown  that  this 
interaction  can  be  unstable  open  loop  for  the  para¬ 
meters  of  the  Jefferson  Lab  IRFEL,  however  mod¬ 
est  gains  at  reasonable  frequencies  are  required  to 
stabilize  the  system.  Future  plans  include  further 
comparisons  between  analytical  and  numerical 
solutions,  expansion  of  the  analysis  to  include 
a  gain  function  more  appropriate  for  our  parameter 
regime,  and  direct  comparisons  with  experimental 
data  from  Jefferson  Lab’s  IRFEL. 


Acknowledgements 

The  authors  are  grateful  to  Drs.  Jean  Delayen 
and  Joe  Bisognano  for  careful  reading  of  the  manu¬ 
script  and  useful  comments.  This  work  was  sup¬ 
ported  by  the  Virginia  Center  for  Innovative 
Technology  and  DOE  Contract  #DE-AC05- 
84ER40150. 


References 

[1]  S.V.  Benson  et  al.,  Nucl.  Instr.  and  Meth.  A  429  (1999) 
27. 


II.  FEL  THEORY 


64 


L.  Merminga  et  al.  /  Nuclear  Instruments  and  Methods  in  Physics  Research  A  429  (1999)  58-64 


[2]  C.L.  Bohn  et  al.,  Performance  of  the  Accelerator  Driver 
of  Jefferson  Laboratory’s  Free  Electron  Laser,  Proceedings 
20th  Free  Electron  Laser  Conference,  Williamsburg,  VA, 
1998,  Elsevier  Science,  Amsterdam,  1999,  p.  II.  43. 

[3]  A.  Bolshakov,  Energy  stability  and  light  power  stability  in 
recirculating,  energy-recovering  linacs  in  presence  of  an 
FEL,  Jefferson  Lab  Internal  Rep.  TN-97-039,  1997. 

[4]  S.N.  Simrock,  RF  control  system  for  CEBAF,  Proceed¬ 
ings  of  the  1991  Particle  Accelerator  Conference,  pp. 
2515-2519. 


[5]  J.R.  Delayen,  Phase  and  amplitude  stabilization  of  beam- 
loaded  superconducting  resonators,  Proceedings  of  1992 
Linear  Accelerator  Conference,  Ottawa,  AECL  Research 
Rep.,  AECL-10728,  pp.  371-373. 

[6]  G.  Dattoli  et  al.,  An  introduction  to  the  theory  of  free 
electron  lasers,  CERN  90-03,  pp.  254-286. 

[7]  L.  Merminga,  J.J.  Bisognano,  J.R.  Delayen,  Energy  stability 
in  recirculating,  energy-recovering  linacs  in  the  presence  of 
an  FEL,  Proceedings  of  the  EPAC  1996,  Barcelona,  Spain. 


ELSEVIER 


Nuclear  Instruments  and  Methods  in  Physics  Research  A  429  (1999)  65-69 


NUCLEAR 
INSTRUMENTS 
&  METHODS 
IN  PHYSICS 
RESEARCH 

_ Section  A _ 


www.elsevier.nl/locate/nima 


Stabilization  of  spatio-temporal  dynamics  of  free-electron  laser 
operation  under  effect  of  spread  in  electron  velocity 

A.V.  Savilov* 

Institute  of  Applied  Physics,  Russian  Academy  of  Sciences,  46  Ulyanov  Street,  Nizhny  Novgorod  603600,  Russia 


Abstract 

The  effect  of  velocity  spread  on  the  dynamics  of  the  interaction  of  longitudinal  modes  is  studied  for  a  FEL-oscillator 
with  broadband  feedback.  It  is  shown  that  the  spread  shortens  the  process  of  mode  competition  and  increases  the 
electron-current  threshold  of  stable  single-mode  operation.  In  addition,  the  spread  leads  to  a  shift  in  the  frequency  of 
the  excited  mode  to  the  range  of  the  most  efficient  electron-wave  interaction.  This  results  in  a  very  weak  sensitivity  of  the 
efficiency  to  the  spread.  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  FEL-oscillator;  Low-Q-cavity;  Spatio-temporal  dynamics 


1.  Introduction 

In  a  free-electron  laser  (FEL)  a  large  number  of 
longitudinal  modes  (of  the  order  of  y2,  where  y  is 
the  Lorentz-factor  of  electrons)  usually  exists  in  the 
amplification  band.  In  FEL-oscillators,  the  dynam¬ 
ics  of  their  interaction  strongly  depends  on  disper¬ 
sive  properties  of  the  feedback.  If  its  frequency  band 
is  significantly  narrower  than  the  amplification 
band,  then  the  feedback  determines  the  frequency 
of  the  excited  mode.  The  opposite  case  of  a  very 
broadband  feedback  (which  can  be  necessary,  for 
instance,  in  order  to  provide  frequency  tuning)  is 
more  interesting.  In  this  case,  all  modes  of  the 
amplification  band  arise  from  initial  noise  at  the 
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small-signal  stage  of  excitation.  Then,  at  the  non¬ 
linear  stage  of  the  transient  process,  they  take  part 
in  the  complicated  process  of  competition.  The 
result  of  this  process  and,  correspondingly,  the 
spectrum  of  the  operating  (build-up)  regime  are 
defined  mainly  by  the  value  of  the  electron  current 
[1-3].  If  the  current  is  close  to  the  threshold  value, 
then  single-frequency  operation  of  the  so-called 
“main”  mode,  which  is  excited  at  the  small-signal 
stage  with  the  greatest  gain,  is  achieved.  However,  if 
the  current  exceeds  some  threshold,  then  the 
single-mode  operation  is  not  stable,  and  the  final 
stage  represents  the  operation  of  a  number  of  longi¬ 
tudinal  modes. 

An  important  problem  in  the  theory  of  FEL- 
oscillators  is  the  effect  of  electron-velocity  spread 
on  the  dynamics  of  excitation,  as  well  as  on  charac¬ 
teristics  of  the  operating  regime  (mode  spectrum 
and  the  value  of  output  power).  In  oscillators  with 
narrow  frequency  band  of  the  feedback,  where  the 


0168-9002/99/$- see  front  matter  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 
PII:  SOI  68-9002(99)00068-6 


II.  FEL  THEORY 


66 


A.  V  Savilov  /  Nuclear  Instruments  and  Methods  in  Physics  Research  A  429  (1999)  65-69 


operation  frequency  is  fixed,  the  regime  of  maximal 
electron  efficiency  can  be  achieved  by  optimizing 
the  mismatch  between  the  operating  frequency  and 
the  frequency  of  the  exact  electron-wave  synchron¬ 
ism.  In  this  situation,  the  spread  evidently  decreases 
the  output  power  (see,  e.g.  Refs.  [4,5]).  However,  in 
the  case  of  a  broadband  feedback,  when  the  fre¬ 
quency  is  not  fixed  and,  therefore,  does  not  corre¬ 
spond  to  the  regime  of  maximum  efficiency,  this 
problem  is  not  so  clear.  The  spread  leads  to  a  shift 
of  the  frequency  of  the  main  mode  to  the  range  of 
the  most  efficient  electron-wave  interaction.  There¬ 
fore,  though  the  spread  decreases  the  maximum 
possible  efficiency,  the  decrease  in  the  efficiency  of 
electron  interaction  with  the  “main”  mode,  which  is 
excited  in  reality  after  the  transient  process,  can  be 
very  small  [6].  The  effect  of  the  spread  on  the 
dynamics  of  the  transient  process  is  also  interesting. 
On  the  one  hand,  due  to  the  fact  that  different 
fractions  of  the  beam  are  in  resonance  with  longitu¬ 
dinal  modes  having  different  frequencies,  the 
spread  increases  the  number  of  competing  modes. 
This  should  complicate  the  transient  process.  On 
the  other  hand,  the  velocity  spread  increases  the 
starting  current  of  the  oscillator.  In  principle,  this 
should  lead  to  the  increase  of  the  electron-current 
threshold  of  the  stability  of  the  single-frequency 
operation,  as  well  as  to  a  shortening  of  the  transient 
process.  In  this  work,  the  effect  of  the  spread  on  the 
interaction  dynamics  of  longitudinal  modes  is 
studied  for  a  FEL-oscillator  with  a  relatively  low-Q 
cavity  and  with  a  broadband  feedback. 


2.  Spatio-temporal  approach 


We  consider  a  FEL-oscillator  with  the  micro- 
wave  system  consisting  of  a  waveguide  segment 
with  two  (input  and  output)  frequency-broadband 
mirrors  (Fig.  1).  For  a  number  of  important  cases 
the  dynamics  of  such  an  oscillator  can  be  success¬ 
fully  studied  within  the  framework  of  the  spatio- 
temporal  approach  on  the  basis  of  the  simplest  ID 
nonstationary  equations  [1-3]  for  complex  ampli¬ 
tudes  of  forward  ( a+ )  and  backward  (a_)  waves 


da+  d)a+ 

it*  ir-21* 


da-  da- 

~8T~e~8l 


=  0 


(1) 


input  mirror  (100%)  output  mirror  (R) 


Fig.  1.  Schematic  diagram  of  a  FEL-oscillator. 


and  motion  equations  for  electrons  coupling  with 
the  forward  wave 


dii  _  ie  d6 
—  =  Im  a+Qw,  --  =  u-d. 
d£  d£ 


(2) 


Here  u  —  1  —  S/Sq)  is  the  normalized  change 

in  electron  energy,  £  =  hsCz  is  the  normalized  coor¬ 
dinate,  6  =  cost  —  hsz  is  the  electron  phase  with 
respect  to  the  synchronous  combination  wave, 
x  =  hsC(vet  —  z)(vjv^r  —  l)-1  is  the  normalized 
time,  e  =  (t)e  +  vgr)/(ve  —  vgr)  is  so-called  slippage 
parameter,  cos  —  vehs  is  the  synchronous  frequency, 
hs  =  k||s  +  ku  is  the  wavenumber  of  the  syn¬ 
chronous  combination  wave,  ugr  is  the  group  wave 
velocity,  ve  is  the  averaged  longitudinal  velocity  of 
particles,  C3  =  eInK2/mc3Ny0  is  the  Pierce  para¬ 
meter,  I  is  the  electron  current,  and  fi  =  y o  2  and 
k  =  eAJmc2y0  are  the  parameters  of  the  inertial 
bunching  of  particles  and  the  coefficient  of  the 
electron-wave  coupling,  respectively.  The  initial 
conditions  for  the  unmodulated  electron  beam  at 
the  input  can  be  written  in  the  following  way 


u(  t£  =  0)  =  0,  0(  T,C  =  0)  =  0o  (3) 


where  the  initial  phases,  60 ,  are  distributed  homo¬ 
geneously  over  the  interval  [0,2ti). 

In  our  model  we  assume  that  if  the  RF  wave  is 
absent,  then  the  transverse  electron  motion  repres¬ 
ents  mainly  two  types  of  oscillations.  Along  with 
“operating”  oscillations  in  the  undulator  field,  elec¬ 
trons  perform  oscillations  affected  by  a  some  focus¬ 
ing  system  (for  instance,  cyclotron  oscillations  in 
a  guiding  magnetic  field  or  betatron  oscillations 
affected  by  the  focusing  strength  of  the  undulator). 
The  presence  of  the  second  type  of  oscillations  leads 
to  a  spread  in  transverse  electron  velocity.  This 
means  that  a  spread  in  longitudinal  velocity  also 
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takes  place  (all  electrons  have  the  same  initial  en¬ 
ergy).  In  the  equations  of  electron  motion,  Eqs.  (2), 
the  velocity  spread  is  taken  into  account  by  intro¬ 
ducing  different  parameters  d  =  (ve/ve  —  1  )/C  for 
different  fractions  of  the  electron  beam. 

In  Eq.  (1),  excitation  of  the  RF  wave  is  defined  by 
the  first  harmonic  of  the  electron  current 

'’271  r  +  QO 

d0o  mdde-w  (4) 

0  J  -  oo 

where  f(S)  is  the  distribution  function  of  electrons 
over  the  initial  longitudinal  velocity.  The  time  de¬ 
pendence  of  the  RF  amplitudes  describes  the  fre¬ 
quency  spectrum  of  excited  longitudinal  modes: 


a{z)  = 


aAQlAr  dA. 


Here  the  mismatch  of  a  mode 

A  —— — — (1  —  — )C_1  is  the  normalized  differ¬ 
ed  ve 

ence  between  the  frequency  of  this  mode  and  the 
synchronous  frequency.  The  simplest  boundary 
condition  for  the  RF  field  describes  the  reflection  of 
the  waves  from  the  input  and  the  output  mirrors: 


Mt,C  =  0)  =  Mt,£  =  0), 


MT,£  =  L)  =  Ra+(T,f  =  L).  (5) 

Here  R  is  the  amplitude  reflection  coefficient  of  the 
output  mirror,  which  does  not  depend  on  the  fre¬ 
quency  (for  the  input  mirror,  100%  reflectivity  is 
assumed),  and  L  =  hsCl  is  the  normalized  length  of 
the  cavity. 

The  set  of  Eqs.  (1)  —  (5)  (with  no  velocity  spread 
taken  into  account)  was  studied  in  work  [3].  At 
a  fixed  R  the  type  of  the  operating  regime  is  defined 
by  the  electron-current  parameter,  L.  The  oscillator 
is  excited  if  L  is  larger  than  the  starting  value, 
Lst(R).  If  parameter  L  does  not  exceed  the  starting 
value  significantly,  then  the  spectrum  of  the  operat¬ 
ing  regime  contains  only  one  excited  mode,  which 
has  the  greatest  small-signal  single-pass  gain  (the 
“main”  mode).  However,  when  L  exceeds  some 
threshold,  the  operation  regime  has  the  multi-mode 
character  with  fast  temporal  modulation  of  the 
output  power  due  to  “beats”  of  excited  modes. 


3.  Results  of  simulations  and  their  interpretation 

The  spatio-temporal  system  Eqs.  (1)— (5)  can  be 
solved  numerically  using  standard  routines,  which 
are  based  on  the  method  of  cubic  Hermite  poly¬ 
nomials  [7].  As  an  example,  we  study  the  case  of 
a  moderately  low-Q  cavity,  R  =  0.5.  The  distribu¬ 
tion  function  of  electrons  over  their  initial  velocity, 
/(<5),  is  assumed  uniform  within  the  interval 
—  D  <  S  <  D.  In  simulations,  one  assumes  s  =  3. 
Results  of  simulations  for  various  electron-current 
and  spread  parameters,  L  and  Z),  are  given  in 
Figs.  2-4,  where  the  dependencies  of  the 
normalized  electron  efficiency  (output  power) 

t](z)  =  ^~  d0o  f  f(S)  d<5  w(t,L,6>0,<5) 

7ft  Jo  J-00 

as  well  as  frequency  spectra  of  operating  stages,  are 
shown. 

We  consider  the  three  following  typical  cases: 
when  the  electron-current  parameter,  L,  is  smaller 
than  the  threshold  of  the  stable  single-mode  opera¬ 
tion  (Fig.  2);  when  it  slightly  exceeds  this  threshold 
(Fig.  3)  and  when  the  electron-current  threshold  of 
the  single-mode  operation  is  significantly  exceeded 
(Fig.  4).  In  the  first  case,  for  the  ideal  electron  beam 


i  i — i  [ — r 

-1  0  1  2  3  A 


Fig.  2.  Electron-current  parameter  L  =  2.5.  Normalized  output 
power  versus  time,  rj( t),  and  the  frequency  spectrum  of  the 
operating  regime  for  the  cases  of  the  electron  beam  without  (a) 
and  with  velocity  spread  D  =  1  (b). 
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Fig.  3.  Electron-current  parameter  L  =  3.3.  Normalized  output 
power  versus  time,  ^(t),  and  the  frequency  spectrum  of  the 
opening  regime  for  the  cases  of  the  electron  beam  without  (a), 
and  with  velocity  spread  D  =  1  (b)  and  D  =  1.5  (c). 


Fig.  4.  Electron-current  parameter  L  =  3.6.  Normalized  output 
power  versus  time,  r}(z),  and  the  frequency  spectrum  of  the 
operating  regime  for  the  cases  of  the  electron  beam  without  (a), 
and  with  velocity  spread  D  =  1  (b)  and  D  =  1.5  (c). 


(without  the  velocity  spread,  D  =  0)  the  single¬ 
mode  operation  builds  up  after  some  transient  time 
(Fig.  2a).  For  the  beam  with  spread  D  -  1,  the 
single-mode  operation  is  also  stable  (Fig.  2b). 
Moreover,  the  spread  decreases  the  time  of  the 
mode  competition.  At  the  same  time,  as  compared 
with  the  case  D  —  0,  the  output  power  of  the  excited 
mode  is  practically  the  same,  but  its  frequency  is 
shifted.  For  the  larger  spread,  the  starting  current 
becomes  larger  than  the  operating  one,  and  the 
oscillator  is  not  excited. 

If  the  parameter  L  slightly  exceeds  the  threshold 
of  the  single-mode  operation,  then  for  the  ideal 
electron  beam,  D  =  0,  several  modes  are  excited 
(Fig.  3a).  In  this  case,  a  spread  D  =  1  improves  the 
operating  regime  significantly  (Fig.  3b).  The  spec¬ 
trum  of  the  output  radiation  becomes  almost 
single-mode.  As  for  the  output  power,  it  almost 
does  not  decrease.  The  larger  spread,  D  =  1.5,  re¬ 
sults  in  very  pure  single-mode  operation  with 


a  smaller  output  power  (Fig.  3c).  A  similar  situation 
takes  place  in  the  case,  when  the  electron-current 
parameter  significantly  exceeds  the  single-mode 
threshold.  In  this  case,  for  the  ideal  electron  beam 
the  output  radiation  contains  a  lot  of  modes 
(Fig.  4a).  The  increase  of  velocity  spread  improves 
the  spectrum.  For  a  spread  D  =  1,  the  output  radi¬ 
ation  is  still  multimode,  but  its  spectrum  is  purer 
when  compared  with  the  case  D  =  0  (Fig.  4b). 
A  spread  D  =  1.5  leads  to  a  pure  single-mode 
operation  (Fig.  4c). 

Thus,  the  velocity  spread  increases  the  starting 
current  of  the  oscillator.  Evidently,  the  electron- 
current  threshold  of  the  stable  single-mode  opera¬ 
tion  also  increases.  Due  to  this  fact,  the  spread 
improves  the  mode  spectrum  of  the  output  radi¬ 
ation  and  provides  the  single-mode  operation  at 
larger  electron  currents  as  compared  with  the  case 
of  the  ideal  electron  beam.  At  the  same  time,  for 
single-mode  regimes,  a  quite  large  spread  does  not 
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Fig.  5.  Normalized  single-mode  electron  efficiency,  rj,  (solid 
curves)  and  small-signal  gain,  G,  (dashed  curves)  as  functions  of 
the  normalized  frequency,  A,  for  various  parameters  of  the 
electron  current,  L,  and  of  the  spread,  D.  Efficiencies  of  corre¬ 
sponding  “main”  modes  are  indicated  by  black  circles. 


result  in  a  significant  decrease  of  the  output  power. 
This  can  be  explained  by  the  shift  of  the  frequency 
of  the  excited  mode  due  to  the  spread  [6].  If  the 
frequency  band  of  the  feedback  is  broad  as  com¬ 
pared  with  the  amplification  band,  then  the  feed¬ 
back  does  not  fix  the  frequency  of  the  excited  mode. 
In  this  situation,  the  so-called  “main”  mode  with 
a  frequency,  being  close  to  the  center  of  the  amplifi¬ 
cation  band  (the  maximum  of  the  small-signal 
gain),  is  excited  [3].  Fig.  5  illustrates  the  single¬ 
mode  electron  efficiency,  tj(A),  and  the  small-signal 
single-pass  gain  of  the  modes,  G{A)  =  \aA(L)/aA(0)\, 
as  functions  of  their  normalized  frequencies,  A.  As 
seen  from  this  figure,  the  spread  D  =  1  is  quite 
large:  in  the  both  cases  (L  =  2.5  and  L  =  3.3)  it 
leads  to  the  almost  a  factor  of  two  decrease  in  the 
maximum  efficiency.  However,  the  spread  causes 
a  shift  of  the  amplification  band,  G(A),  to  the  fre¬ 
quency  of  the  maximum  efficiency.  Due  to  this  fact, 
the  spread  practically  does  not  change  the  electron 


efficiency,  corresponding  to  the  “main”  modes  with 
maximal  G(d),  which  are  really  excited. 


4.  Conclusion 

The  effect  of  the  spread  on  the  dynamics  of  the 
interaction  of  longitudinal  modes  is  studied  for 
a  FEL-oscillator  with  broadband  feedback  and 
with  a  relatively  low-Q  cavity.  Simulations  show 
that  even  a  large  (at  the  limit  of  the  hydrodynamic 
amplification  stage)  velocity  spread  causes  a  posit¬ 
ive  effect.  Due  to  the  spread,  the  duration  of  the 
transient  process  of  the  mode  competition  reduces, 
and  the  electron-current  threshold  of  the  single¬ 
frequency  operation  significantly  increases.  At  the 
same  time,  for  single-mode  regimes,  the  output 
power  decreases  very  slowly  with  the  increase  of  the 
velocity  spread.  This  is  caused  by  a  broad  fre¬ 
quency  band  of  the  feedback.  In  the  situation,  when 
the  operating  frequency  is  not  fixed  by  the  feed¬ 
back,  the  spread  leads  to  a  shift  of  the  frequency  of 
the  excited  mode  to  the  “optimal”  range  of  the  most 
efficient  electron-wave  interaction.  Thus,  even 
a  large  velocity  spread  does  not  result  in  a  signifi¬ 
cant  decrease  of  the  electron  efficiency. 
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Abstract 

Power  and  bandwidth  studies  for  a  high  power  W-band  ( *  94  GHz)  FEM  amplifier  is  presented  for  a  helical 
wiggler/cylindrical  waveguide  configuration  using  3D  ARACHNE  simulation  code  (H.P.  Freund,  T.M.  Antonsen,  Jr., 
Principles  of  Free-electron  Lasers,  2nd  edn.,  Chapman  &  Hall,  London,  1996,  Ch.  5).  Using  a  300  kV/20  A  electron  beam 
with  a  normalized  emittance  of  95  mm  mrad,  a  600  G  wiggler  field  with  a  0.88  cm  period,  and  a  strong  guide  field  of 
20  kG,  efficiencies  of  greater  than  8%  are  possible  with  a  FWHM  bandwidth  of  4.5  GHz.  ©  1999  Elsevier  Science  B.Y. 
All  rights  reserved. 

PACS:  41.60.Cr;  52  -  75.M 

Keywords:  Bandwidth;  W-band;  FEM  amplifier;  Gyro-klystron;  Waveguide 


1.  Introduction 

High-power  W-band  (75-110  GHz)  amplifiers 
are  under  investigation  for  applications  both  in 
advanced  accelerators  and  radar.  Potential  radar 
applications  include  high-resolution  imaging,  pre¬ 
cision  tracking  and  cloud  physics  studies.  W-band 
coupled-cavity  TWTs  have  been  developed  and 
deployed  in  several  operating  instrumentation 
radar  systems.  These  millimeter  wave  amplifiers 
have  delivered  peak  powers  of  approximately  5  kW 
with  a  10%  duty  factor  and  1  GHz  bandwidth  [1]. 
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These  power  levels  are  nearing  the  limits  of  this 
technology,  and  other  technologies  are  needed  to 
obtain  a  significant  increase  in  power  at  these  fre¬ 
quencies.  In  particular,  fast  wave  devices  such  as 
free-electron  masers  (FEM)  and  gyro-klystrons 
must  be  considered.  Gyro-klystron  experiments 
conducted  in  Russia  and  in  the  US  have  demon¬ 
strated  high  peak  powers  and  high  efficiencies.  In 
W-band,  a  pulsed  four-cavity  gyro-klystron  ampli¬ 
fier  achieved  65  kW  peak  output  power  at  26% 
efficiency  with  300  MHz  bandwidth  [2].  A  CW 
version  of  this  device  demonstrated  2.5  kW  average 
output  power.  Experiments  at  the  Naval  Research 
Laboratory  (NRL)  have  further  improved  four  cav¬ 
ity  gyro-klystron  performance  and  produced 
a  67  kW  peak  output  power  with  a  28%  efficiency 
and  460  MHz  full-width  at  half-maximum 
(FWHM)  bandwidth  [3].  More  recently,  these  ex¬ 
periments  have  produced  a  record  peak  output 
power  of  84  kW  at  34%  efficiency,  and  significantly 
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enhanced  the  bandwidth  to  640  MHz  FWHM  at 
the  output  power  of  60  kW  with  a  25%  efficiency. 

In  this  paper,  we  consider  the  FEM  to  design 
a  device  that  can  produce  both  high  powers 
and  broad  bandwidths.  W-band  FEM  amplifier 
experiments  have  been  conducted  using  a 
450  kV/17  A  sheet  electron  beam  injected  into  a 
planar  wiggler  with  a  9.6  cm  period  [4,5].  Maximum 
linear  gains  of  30  dB  for  1  W  (and  24  dB  for  1  kW)  of 
injected  power  were  found  with  a  peak  efficiency  of 
3%.  The  basic  configuration  under  consideration 
here  employs  an  electron  beam  propagating 
through  a  cylindrical  waveguide  in  the  presence  of 
a  helical  wiggler  field  and  an  axial  guide  field. 

The  analysis  is  based  upon  the  3D  nonlinear 
simulation  code  ARACHNE  [6]  that  has  been 
benchmarked,  with  good  agreement,  against  earlier 
FEM  experiments  at  NRL  [7,8]  and  MIT  [9,10]. 
In  addition,  ARACHNE  has  been  used  in  previous 
feasibility  studies  [11,12].  ARACHNE  is  a  slow- 
time-scale  formulation  where  the  electromagnetic 
field  is  expanded  as  a  superposition  of  the  vacuum 
TE  and  TM  modes  of  a  cylindrical  waveguide,  and 
the  space-charge  field  is  expanded  in  terms  of 
a  superposition  of  the  Gould-Trivelpiece  modes. 
A  set  of  slow-time-scale  equations  is  derived  for  the 
evolution  of  the  amplitude  and  phase  of  these 
modes  together  with  the  electron  beam.  The  self¬ 
electric  and  self-magnetic  fields  generated  by 
the  bulk  charge  and  current  densities  of  the  beam 
are  also  included  [13].  These  equations  are  integ¬ 
rated  simultaneously  with  the  3D  Lorentz  force 
equations. 

Issues  that  must  be  addressed  are  thermal  dam¬ 
age  at  high  power  levels  and  the  suppression  of 
oscillations.  Thermal  damage  can  occur  in  high 
average  power  devices  from  two  sources:  beam  loss 
to  the  circuit,  and  wall  loading  due  to  the  intense 
electromagnetic  fields.  However,  calculations  indi¬ 
cate  that  wall  loading  in  the  TEn  mode  is  not 
a  major  problem  for  the  W-band  design  presented 
here.  In  order  to  suppress  oscillations,  no  single 
amplifier  section  should  have  gains  in  excess  of 
about  20-26  dB  depending  upon  the  required  load 
match.  High  gain  amplifiers,  therefore,  often  have 
multiple  sections  separated  by  severs  in  which  the 
gain  in  each  section  does  not  exceed  to  oscillation 
threshold. 


2.  Beam  propagation 

Stable  beam  propagation  though  the  device  is  criti¬ 
cally  important  for  high  average  power  operation 
because  even  low  levels  of  loss  can  result  in  problems. 
As  such,  we  first  consider  the  conditions  needed  for 
beam  propagation  with  minimal  wall  losses. 

The  single-particle  orbits  in  FEMs  fall  into  three 
categories  of  steady-state  helical  trajectories. 
Group  I  and  Group  II  orbits  describe  a  parallel 
orientation  of  the  wiggler  helicity  and  axial  field. 
Group  I  refers  to  weak  axial  fields  where  the  Lar- 
mor  period  is  longer  than  the  wiggler  period,  and 
Group  II  refers  to  the  opposite.  The  third  category 
is  the  reversed-field  case  where  the  guide  field  is 
oriented  anti-parallel  to  the  wiggler,  which  is  an 
extension  of  the  Group  I  orbits. 

We  confine  the  discussion  to  the  Group  II  orbits 
where  the  guide  field  is  strong  enough  that  the 
beam  is  confined  over  the  entire  interaction  region. 
A  W-band  wave-particle  resonance  is  obtained  us¬ 
ing  a  300  kV  electron  beam  and  a  wiggler  with 
a  600  G  field  amplitude  and  a  0.88  cm  period.  The 
steady-state  helical  trajectories  corresponding  to 
this  case  are  shown  in  Fig.  1  as  a  function  of  the 
axial  guide  field.  Amplification  at  94  GHz  is  found 
for  axial  magnetic  fields  in  the  neighborhood  of 
20  kG  on  the  Group  II  branch,  and  this  is  the  case 
we  shall  focus  on. 

Using  ARACHNE  to  study  beam  propagation, 
we  find  that  there  is  no  beam  loss  corresponding 
to  a  20  kG  axial  field  unless  the  beam  has  an 


Fig.  1.  An  illustration  of  steady-state  orbits. 
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extremely  high  emittance  (  «  600  mm  mrad.  As 
such,  beam  loss  to  the  drift  tube  wall  during  the 
flattop  portion  of  the  voltage  pulse  is  unlikely  to  be 
a  problem  for  this  Group  II  orbit  configuration. 


3.  Wave  amplification 

The  gain  band  is  centered  at  «  94  GHz  in 
a  waveguide  with  a  0.3  cm  radius  for  the  beam  and 
magnetic  fields  under  study.  Specifically,  a  wiggler 
amplitude  and  period  £w  =  600  G  and  Aw  =  0.88  cm, 
an  axial  field  of  B0  =  20  kG,  a  beam  voltage  and 
current  of  300  kV  and  20  A  with  a  radius  of 
0.15  cm.  We  also  assume  an  entry  taper  of  iVw  =  10 
wiggler  periods.  The  amplification  of  a  1  kW  TEn 
mode  drive  signal  at  94  GHz  is  shown  in  Fig.  2  for  a 
beam  with  a  normalized  emittance  of  95  mm  mrad. 
Saturation  is  after  61  cm  at  a  power  of  408  kW  for 
an  efficiency  of  6.8%.  The  exponential  growth  is 
«  0.68  dB/cm. 

The  effect  of  beam  emittance  on  the  interaction 
efficiency  is  shown  in  Fig.  3  for  varying  saturation 
lengths.  A  peak  efficiency  of  about  7.0%  is  obtained 
for  an  ideal  beam,  and  the  efficiency  falls  off  rela¬ 
tively  slowly  as  the  emittance  increases  up  to 
100  mm  mrad  and  more  rapidly  thereafter. 

In  order  to  study  the  instantaneous  bandwidth, 
the  interaction  length  was  fixed  at  61  cm  corre¬ 
sponding  to  the  saturation  length  at  94  GHz  of  a 


95  mm  mrad  beam  (see  Fig.  4).  Power  and  effiiency 
are  shown  in  Fig.  4  versus  frequency.  The  para¬ 
meters  were  chosen  so  that  the  center  of  the  gain 
band  and  the  peak  growth  rate  occur  near  94  GHz; 
however,  the  maximum  efficiency  of  about  8.5%  is 
found  at  a  frequency  between  92-93  GHz.  The 
principal  result  is  that  the  instantaneous  bandwidth 
(FWHM)  is  about  4.0  GHz  extending  from  91.4  to 
95.6  GHz  with  peak  power  levels  of  «  500  kW.  As 
a  consequence,  duty  factors  of  from  1%  to  10% 
result  in  average  powers  of  up  to  5-50  kW. 


4.  Wiggler  imperfections 

Imperfections  in  the  wiggler  arise  due  to  a  variety 
of  causes  in  the  manufacturing  process,  and  result 


Fig.  3.  Plot  of  the  interaction  efficiency  and  power  versus  nor¬ 
malized  emittance. 


Frequency  (GHz) 


Fig.  2.  Amplification  of  a  1  kW  drive  signal  at  94  GHz  for 
Group  II  orbit  parameters. 


Fig.  4.  Instantaneous  bandwidth  for  a  95  mm  mrad  beam  over 
a  length  of  61  cm. 
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Fig.  5.  The  efficiency  versus  amplitude  imperfections  for  the 
Group  II  example. 

in  random  fluctuations  in  both  the  amplitude  and 
phase  of  the  wiggler.  The  associated  fluctuations  in 
the  electron  orbits  can  cause  degradations  in  the 
gain  and  efficiency.  Wiggler  imperfections  are 
modeled  in  ARACHNE  by  generating  a  random 
series  of  amplitude  fluctuations  at  intervals  of  the 
wiggler  period,  and  then  smoothly  tapering  the 
amplitude  between  these  points.  An  ensemble  aver¬ 
age  can  be  found  by  running  ARACHNE  for  many 
such  choices  of  wiggler  fluctuation  distributions 
at  a  given  value  of  the  rms  error.  For  the  cases 
under  consideration,  convergence  is  found  to  with¬ 
in  about  1%  using  20  such  randomly  generated 
distributions. 

The  effect  of  amplitude  imperfections  on  the  de¬ 
sign  under  study  is  shown  in  Fig.  5.  It  is  seen  that  the 
efficiency  begins  to  degrade  for  ( ABJBw)rms  >  1  %, 
and  drops  by  30%  for  (A Bw/£w)rms  «  5%.  Because 
the  current  state  of  wiggler  technology  is  easily  able 
to  construct  wigglers  with  rms  imperfections  less 
than  1%,  we  conclude  that  wiggler  imperfections 
will  not  be  a  limiting  factor. 


5.  Attenuation  and  severs 

In  order  to  model  the  effect  of  wall  losses  and 
severs,  ARACHNE  has  been  modified  to  include 
a  variable  loss  rate.  In  this  context,  severs 
are  treated  as  very  large  damping  rates  over  some 


extended  region.  Thus,  a  typical  loss  profile  will 
include  a  background  damping  rate  as  determined 
by  the  wall  losses  as  well  as  a  region  where  the 
damping  rate  is  extremely  high  to  model  a  sever. 

Resistive  wall  loading  in  high-intensity  fields  re¬ 
sults  in  reduction  of  the  amplification  and  in  wall 
heating.  Heating  is  important  only  near  the  down¬ 
stream  portion  of  the  waveguide  where  the  power  is 
high.  The  lost  rate  for  the  TEln  mode  is  given 
by  [14] 


where  Rs  denotes  the  surface  resistivity, 
f/0[  =  120  7i  Q]  is  the  free  space  impedance,  Re  is 
the  waveguide  radius,  coco  is  the  cutoff  frequency, 
and  xln  is  the  nth  zero  of  J!(xln)  =  0.  The  ideal 
surface  resistivity  of  copper  waveguide  is  Rs  = 
2.61  x  10“ 7/ 1/2  Q,  where  the  frequency  is  in  Hz. 
However,  more  detailed  estimates  of  Rs  have  been 
made  at  SLAC  [15]  where,  after  careful  surface 
preparation,  an  estimate  of  Rs  »  3.39  x  10-7/1/2  Q 
was  obtained.  The  loss  rate  ranges  from  fu  « 
0.0033-0.00433  dB/cm  for  the  ideal  and  estimated 
surface  resistivities  at  94  GHz.  The  power  loading 
per  unit  area  on  the  waveguide  wall  can  also  be 
calculated  and  is  given  in  W/cm2  by  [14] 

A  P 

—  =  (4.07  xl(T4-  5.29  x  10"4)P  (2) 

A  A 

at  94  GHz,  where  the  power  P  is  in  units  of  W,  If 
the  peak  power  is  ^  400  kW  and  the  duty  factor 
ranges  from  1%  to  10%,  then  the  average  wall 
heating  is  ~  1 .  6-21  W/cm2.  This  is,  in  principle, 
relatively  easy  to  cool. 

A  sever  is  needed  to  suppress  oscillation.  In  gen¬ 
eral,  if  G  denotes  the  gain  pass  in  dB,  p0  and 
pi  denote  the  power  reflection  coefficients  in  dB  at 
the  output,  and  L  denotes  the  cold  loss  rate,  then 
oscillation  may  occur  when  [16]  G  —  L  —  pQ  — 
pi  >  0.  The  cold  circuit  loss  at  94  GHz  is 
«  0.0035  dB/cm;  hence,  L  «  0.18  dB  over  a  length 
of  50  cm.  It  is  difficult  to  design  efficient  input  and 
output  couplers  over  broad  bandwidths;  hence,  we 
assume  that  10%  of  the  power  is  reflected  at  either 
end  of  the  interaction  region  and  p0  «  p{  «  10  dB. 
As  a  result,  G  cannot  exceed  about  20  dB  in 
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Fig.  6.  The  evolution  of  the  power  and  the  loss  used  to  model 
the  Group  II  configuration. 


any  single  section.  Assuming  a  drive  power  of 
100-1000  W  and  a  saturated  power  of  450  kW,  we 
expect  the  total  gain  to  « 27-37  dB.  This  necessi¬ 
tates  the  use  of  a  sever. 

We  now  include  both  the  cold  circuit  attenuation 
of  0.0035  dB/cm  and  a  sever.  To  ensure  that  the 
gains  in  the  input  and  output  sections  <  20  dB,  we 
model  the  sever  as  a  region  of  60  dB/cm  loss  ex¬ 
tending  from  37  to  38  cm  beyond  the  start  of  the 
wiggler.  In  a  real  device,  the  sever  region  must  be 
carefully  designed  to  minimize  reflections  by  the 
tapering  of  the  loss  rates  on  both  sides  of  the  sever. 
However,  this  model  will  provide  some  guidance 
for  the  performance  of  the  device  with  a  sever. 

The  loss  model  and  the  evolution  of  the  power 
with  axial  position  are  shown  in  Fig.  6.  Starting 
with  a  drive  power  of  100  W,  a  gain  of  16.7  dB  is 
obtained  in  the  input  section  which  is  attenuated 
rapidly  by  the  sever.  Growth  is  rapid  after  the  sever, 
and  saturation  is  found  after  a  total  length  of  76  cm 
at  a  power  level  of  344  kW.  Note  that  the  effect  of 
the  sever  and  attenuation  is  to  cause  a  reduction  in 
the  overall  efficiency  from  about  8.6%  without  at¬ 
tenuation  to  5.9%  with  attenuation. 


6.  Summary  and  discussion 

We  have  analyzed  the  FEM  interaction  for 
a  wide  bandwidth  94  GHz  amplifier  using  the 
ARACHNE  simulation  code.  A  high  axial  field 
Group  II  configuration  was  studied  using  a  short 


period  wiggler  (  ^  0.88  cm)  which  requires  beam 
energies  of  «  300  keV  to  amplify  W-band.  The 
efficiencies  found  in  simulation  are  «  6-8%  yield¬ 
ing  peak  powers  of  «  300-450  kW.  This  yields 
average  powers  of  «  3-45  kW  for  duty  factors  of 
between  1%  and  10%.  The  bandwidths  observed 
ranged  from  4%  to  5%.  No  beam  losses  to  the  wall 
were  observed  for  reasonable  choices  of  the  emit- 
tance,  and  average  wall  loading  in  the  interaction 
region  is  estimated  to  range  between  1.6  and 
21  W/cm2  for  these  duty  factors. 

Beam  losses  to  the  wall  and  wall  loading  (in  all 
but  the  sever  region)  do  not  appear  to  be  insur¬ 
mountable  problems.  The  implementation  of 
a  sever  is  challenging,  however,  and  may  necessitate 
breaking  the  wiggler  into  two  segments  allowing 
room  to  locate  external  loads  and  cooling  channels. 
A  second  issue  left  for  the  future  is  the  actual  design 
of  the  sever  to  minimize  reflections.  The  stability  of 
an  amplifier  requires  the  sever  to  have  a  good 
match  over  the  entire  operating  bandwidth.  In 
practice,  this  is  usually  accomplished  with  the  inser¬ 
tion  of  variable  attenuation  in  the  region  before 
and  after  the  sever.  The  simple  sever  model  used 
here  ignores  both  the  difficulty  in  dissipating  the 
large  power  levels  and  in  the  attenuation  matching. 
An  actual  engineering  design  must  address  both 
these  issues;  nevertheless,  the  present  model  is 
a  useful  initial  study  of  the  effect  of  the  sever  on 
bandwidth  an  output  in  an  FEM  amplifier. 

Other  issues  left  pending  are  a  detailed  engineer¬ 
ing  design  of  the  input/output  couplers.  A  variety  of 
coupler  designs  have  been  used  in  high-power  mil¬ 
limeter-wave  gyroklystrons  and  FEMs.  Input/out¬ 
put  couplers  [17]  are  in  use  in  a  high  average  power 
W-Band  gyroklystron  [3]  that  operates  at  94  GHz 
with  a  600  MHz  bandwidth.  The  output  coupler  is 
designed  to  handle  peak  powers  of  up  to  120  kW. 
In  addition,  a  high  average  power  coupler  has  been 
implemented  on  the  FOM  Fusion  FEM  [18]  which 
makes  use  of  two  quasi-optical  stepped  reflectors. 
This  coupler  operates  at  frequencies  in  excess  of 
160  GHz  and  handle  powers  in  the  MW  range. 
Hence,  we  do  not  feel  that  the  coupler  design  issues 
represent  insurmountable  obstacles. 

Finally,  wiggler  imperfections  do  not  appear  to 
pose  a  problem  as  long  as  the  rms  level  of  wiggler 
imperfections  is  less  than  or  of  the  order  of  2%, 
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which  is  within  the  state-of-the-art  in  wiggler 
manufacture.  As  a  result,  we  conclude  that  the 
FEM  is  a  feasible  option  for  a  high  peak  power, 
broad  bandwidth  W-band  amplifier  when  design 
considerations  do  not  rule  out  the  use  of  high- 
voltage  electron  beams.  The  average  power  capa¬ 
bility  of  such  a  device  requires  further  evaluation  of 
the  issues  mentioned  above. 
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Abstract 

The  self-fields  generated  by  the  propagation  of  pulsed  electron  beams  through  the  wiggler  fields  in  free-electron  lasers 
are  calculated  and  shown  to  be  diamagnetic.  A  one-dimensional  theory  for  pulsed  beams  is  applied  to  proposed  designs 
for  fourth  generation  light  sources  of  high-intensity  X-rays,  which  employ  beams  with  current  densities  of  several 
hundred  MA/cm2.  The  theory  indicates  that  the  diamagnetic  effect  is  unlikely  to  affect  either  the  growth  length  or  the 
fundamental  emission  energy  and  bandwidth  of  these  devices.  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 
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Free-electron  lasers  (FELs)  operate  by  the  axial 
bunching  of  the  electron  beam  [1].  At  lower  current 
densities,  this  bunching  is  due  to  the  pon- 
deromotive  force  produced  by  the  beating  of  the 
magnetostatic  wiggler  field  and  the  radiation,  and 
the  interaction  is  the  stimulated  Compton  scatter¬ 
ing  of  the  wiggler  off  the  electron  beam.  Collective 
beam-plasma  waves  are  excited  in  the  process, 
however,  and  the  space-charge  forces  can  exceed 
the  ponderomotive  forces  for  sufficiently  high  cur¬ 
rent  densities.  When  this  occurs,  the  interaction 
proceeds  by  the  stimulated  Raman  scattering  of  the 
beam-plasma  waves  off  the  wiggler  field.  Collective 
effects  also  arise  from  the  self-fields  generated  by 
the  bulk  charge  and  current  distributions  of  the 
electron  beam  and,  depending  upon  the  field  con- 
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figuration,  the  propagation  of  the  beam  through 
the  wiggler  can  excite  either  a  diamagnetic  or  para¬ 
magnetic  response  [1-3]. 

Collective  effects  are  important  in  FELs  driven 
by  long  pulse  accelerators  where  the  wavelengths 
exceed  several  millimeters  and  the  electron  beams 
have  energies  up  to  several  MeV  and  current  dens¬ 
ities  of  several  hundred  A/cm2.  Collective  effects 
have  been  unimportant  in  submillimeter 
wavelength  FELs  because  such  systems  were,  typi¬ 
cally,  driven  by  RF  linacs  with  energies  exceeding 
10  MeV  and  peak  currents  less  than  several  hun¬ 
dred  Amperes.  More  recently,  there  is  interest  in 
FELs  driven  by  multi-GeV  RF  linacs  to  replace 
synchrotrons  as  fourth  generation  light  sources  of 
high-intensity  X-rays  [4,5]  with  1-60 
A  wavelengths.  Raman  effects  are  unimportant  at 
these  wavelengths;  however,  as  these  experiments 
employ  pulse-compressed  beams  with  peak  cur¬ 
rents  of  several  kA  and  current  densities  of  several 
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hundred  MA/cm2,  it  is  of  interest  to  re-examine  the 
effects  of  the  bulk  self-fields  generated  by  such 
beams. 

The  original  formulations  [2,3]  of  the  diamag¬ 
netic/paramagnetic  effect  were  applied  to  long 
wavelength  FELs  and  made  use  of  a  one-dimen¬ 
sional  analysis.  The  beams  in  these  devices  were 
long  pulse  (i.e.,  longer  than  the  wiggler)  and  em¬ 
ployed  a  helically  symmetric  wiggler  in  conjunction 
with  a  solenoid.  The  paramagnetic  effect  arises  only 
for  a  strong  solenoidal  field.  Since  the  X-ray  FELs 
under  study  do  not  employ  solenoidal  focusing,  the 
diamagnetic  field,  Bd ,  generated  by  the  propagation 
of  an  assumed  DC  (viz.,  infinitely  long)  beam 
through  a  helical  wiggler  is  [2] 

Bd=  -7^-*"’  (1) 

1  +  p 

where  2?w  is  the  wiggler  field,  the  diamagnetic  field 
parameter  p  =  eob/yc2k2,  cob  is  the  beam  plasma 
frequency,  kw(  =  where  2W  is  the  wiggler  pe¬ 

riod)  is  the  wiggler  wavenumber,  y0  is  the  beam 
relativistic  factor,  and  c  is  the  speed  of  light  in 
vacuo .  This  diamagnetic  field  is  generated  by  the 
transverse  periodic  motion  of  the  beam  due  to  the 
wiggler,  and  has  the  effect  of  partially  screening  the 
beam  from  the  wiggler  field. 

The  largest  value  for  p  to  date  was  achieved  at 
the  naval  research  laboratory  [6]  where  p  «  0.25 
and  this  provides  for  an  effective  shielding  of 
«  20%  of  the  wiggler  field.  In  contrast,  p  exceeds 
unity  for  the  fourth-generation  light  source  designs. 
These  include  the  linac  coherent  light  source 
(LCLS)  at  the  Stanford  Linear  Accelerator  Center 
which,  in  one  of  its  initial  designs  [4],  employs 
a  15  GeV/5  kA  beam  with  a  16  pm  radius,  and  the 
TESLA  test  facility  (TTF)  at  the  Deutsches  elek- 
tronen-synchrotron  [5]  using  a  1  GeV/2.5  kA  beam 
with  a  55  pm  radius.  Since 

0.0059  ~  (2) 

Rlyo 

for  a  current  /b  in  kA  (note  that  2W  and  Rb  must 
have  the  same  units),  this  means  that  p  «  3.6  for  the 
LCLS  which  uses  a  wiggler  with  2W  =  3  cm.  For  the 
TTF  2W  =  2.73  cm,  and  p  «  2.0.  Since  the  theory 


for  long  pulse  beams  with  these  diamagnetic  field 
parameters  imply  the  large-scale  screening  of  the 
wiggler  field  with  a  resultant  catastrophic  decrease 
in  performance,  it  is  important  to  revisit  the  analy¬ 
sis  for  the  short  pulse  beams  which  are  relevant  to 
these  fourth  generation  light  source  designs.  It  is 
our  purpose  in  this  paper  to  extend  the  previous 
analyses  to  short  pulse  beams. 

The  diamagnetic  field  can  be  found  in  closed 
form  for  arbitrary  values  of  p  for  a  long  pulse  beam 
as  in  Eq.  (1).  However,  for  short  pulse  beams  it  is 
simpler  to  employ  a  perturbative  approach,  which 
is  valid,  as  long  as  the  self-field  effect  is  not  too 
large.  In  this  approach,  we  first  calculate  the  self¬ 
fields  due  to  the  lowest-order  wiggler-induced 
motion,  and  then  use  those  self-fields  to  calculate 
perturbed  trajectories.  This  procedure  can  be  re¬ 
peated  to  obtain  the  self-fields  to  arbitrary  accu¬ 
racy. 

We  impose  a  one-dimensional  approximation 
where  the  helical  wiggler  field  can  be  written  as 

Bw  =  Bw[ex  cos  kwz  +  ey  sin  /cwz].  (3) 

This  simplifies  the  analysis  and  is  valid  as  long  as 
the  beam  radius  is  much  less  than  the  wiggler 
period  and  aw/y0  1,  where  aw  =  eBw/mec2kw  is  the 
wiggler  strength  parameter,  which  is  the  case  in  the 
fourth  generation  light  sources  designs.  The 
steady-state  orbits  in  this  field  are  [1] 

i>0  =  vyv[ex  cos  kwz  +  ey  sin  /cwz]  +  v\\ez  (4) 

where  vw  —  —  eB^/yom^k^  e  and  me  are  the  elec¬ 
tronic  charge  and  rest  mass,  and  the  axial  and 
transverse  components  of  the  velocity  satisfy 
v2  +  vf\  =  (1  —  l/yo)^2-  As  in  the  earlier  cited  ana¬ 
lyses,  we  also  employ  a  one-dimensional  treatment 
of  the  electron  beam  and  Maxwell’s  equations  in 
order  to  derive  a  closed-form  result  and  obtain 
initial  conservative  estimates  of  the  self-fields.  The 
pulse  shape  is  described  by  a  beam  density  of  the 
form  n0(z,  t)  =  nhS(z  —  V\\ t),  where  nh  is  a  constant 
and  the  shape  function  S(z  —  vtf)  is  unspecified  at 
this  point.  Maxwell’s  equations  for  this  lowest  or¬ 
der  state  are 

Vx£=  -~B,  (5) 

c  ot 
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VxB  =  -^-E  +  (, fikvBw  -  —  coiftfa  W  (6) 
c  ot  \  e  J 

V-£=  --®b2S(0  (7) 

e 

and  V  ■  B  =  0,  where  fa  =  v^/c,  C  =  z  —  vtf,  and 
(pi  =  4ne2nh/me . 

To  lowest  order  in  the  wiggler  field,  Maxwell’s 


equations  are 

VxE0=  ~-yB0  (8) 

c  dt 

1  r)  m 

VxB0  =  -i;Eo--co2bWM),  (9) 

c  ot  e 

V  -E0=  -  —  colSiQ  (10) 

e 

and  V  •  B0  =  0.  It  can  be  verified  by  substitution 
that 

E0  =  -  —  cQ&erS(  0  (11) 

e 


the  temporal  derivatives  vanish  when  the  sources 
are  independent  of  time.  Hence,  Ex  =  0  and 
=  pkwBw.  Noting  that  V x Bw  =  —  kwBw, 
we  obtain  Bx  =  -  which  corresponds  to  Eq. 
(1)  when  This  diamagnetic  field  screens  the 
beam  from  the  wiggler,  and  results  in  a  reduced 
transverse  wiggler  velocity  Avw  =  —  fivw  and  an 
enhanced  axial  velocity;  hence, 

r^(l  —  ii)vw[ex  cos  kwz  +  ey  sin  /cwz] 

+  r„(l  (15) 

and  the  growth  rate  of  the  interaction  is  reduced.  In 
the  absence  of  the  diamagnetic  correction  to  the 
trajectories,  the  resonant  wavelength  is  A  =  Aw/2yj|. 
An  additional  effect  of  the  diamagnetic  field  is  to 
reduce  the  wavelength,  and  we  find  that 


Aw(l  -  2 fi) 


(16) 


and 

B0=  -~coi^\reeS(Q  (12) 

are  solutions  to  the  lowest  order  equations  correct 
to  within  terms  of  0{y |J2)  where  yf\  =  (1  —  j5f|)_1.  It 
should  also  be  noted  that  these  are  exact  solutions 
for  a  long  pulse  or  CW  beam  for  which  S( Q  =  1, 
and  are  the  familiar  radial-electric  and  azimuthal- 
magnetic  fields  due  to  a  cylindrical  beam  [7].  As  is 
known,  these  fields  cancel  to  terms  of  order  y\\  2  in 
the  net  Lorentz  force  on  any  bunch  electron  and 
exert  a  typically  negligible  effect  on  its  trajectory  for 
ultrarelativistic  values  of  yj|. 

The  diamagnetic/paramagnetic  contributions 
are  found  to  first  order  in  the  wiggler  field,  for 
which 

Vx£i  =  (13) 

c  ot 

VxB1=t|.£1+  nKB^Sg)  (14) 

c  Ot 

and  V  BX  =  V-Ex  =  0.  The  long  pulse  result  (1) 
can  be  recovered  when  S(Q  =  1  by  observing  that 


We  turn  now  to  the  pulsed  beam.  For  simplicity, 
we  treat  a  square-top  pulse  in  which  the  shape 
function  is  S(Q  =  H{Q  -  H(£  -  A z),  where  Az  is  the 
pulse  width  and  H  is  the  Heaviside  function.  We 
look  for  harmonic  solutions  in  the  limit  where 
Az  <  Aw,  i.e.,  we  do  not  incorporate  the  finite  undu- 
lator  length  into  the  initial  boundary  conditions  at 
this  stage  of  our  analysis.  The  solutions  we  find  are 
of  the  form 


(17) 


where  a{n)  =  a^e  +  a^]ey,  and  similarly  for  b{n\  c(n\ 
and  l fn) .  These  coefficients  are  obtained  by  substitu¬ 
tion  into  Ampere’s  and  Faraday’s  laws,  after  which 
we  find 

Az 

B 1  =  - 

/iw 

»  pi  +  -  i]F„(c  -  Az.oi 

h  4ji2  —  (1  +  n2/y2y  \ 
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2Az  A 
:  P  &z  ^  B  w 


'GX(C-  Az,0 


+ 1 


n(l  -  n2/yfj)G„(C  -  Az 

.2  l,2\2 


n=2  4n  —  (1  +  «  /yj|)' 


*] 


+  21 


8  _  30n  r  (r  » .  n 
L^(4-^)Gl(C  AZ>0 

n(l  +  n2/^)G„((  -  Az,0 


A  4«2  -  (1  +  n2/yj|)2 

Fi(C  -  dz,£) 


A  z 

J-t*P\fr  x  B 

Aw 


j8n 


+ 1 


4n2F„(C  -  z1z,0  ' 

2  L.2\2 


n=2  4n  -  (1  +  n  /y(|) 


where 


F»(zi,z2) 


sin  nkwzt  —  sin  nkwz2 
nk„(z2  -  zx) 


(18) 


(19) 


(20) 


to  first  order  in  Eu  Bu  and  Bw.  Since  it  is  beyond 
the  scope  of  the  present  work  to  present  a  stability 
analysis  of  this  equilibrium  state,  we  focus  on  the 
momentum  transfer  equation,  which  will  provide 
a  measure  of  the  diamagnetic  shift  in  the 
wavelength.  When  Az  =  2W 

T7»i  =  -^—nP\\ez  x  (24) 

ck  y  0me 

and  we  recover  the  long  pulse  result  (15). 

For  conditions  specific  to  the  proposed  fourth 
generation  light  sources,  however,  Az  <  2W,  /?n  «  1, 
7n»l.  In  addition,  |£|  ^  Az«2w  and  we  may  as¬ 
sume  that  £  =  0  to  within  a  good  approximation  to 
obtain 

£  »i  =  —  %P\m Az)ez  xBw  +  y(A z)Bw-] 

Qt  yo^e 

(25) 

where, 


Gn(zl>z2) 


cos  nkwz1  —  cos  nkwz2 
nkw(z2  -  zx) 


00  F  (  —  Az  0) 

(21)  $(Az)  =  1  +  iFi(  -  Az,  0)  +  2  £  -j-2 — 2_!  (26) 

M  =  2  4/1  ”  1 


There  are  two  points  that  should  be  noted.  Firstly, 
the  self-fields  scale  as  (fiAz/Xw)  for  a  short  pulsed 
beam;  hence,  the  self-field  effect  can  be  small  even  if 
fi  >  1  for  a  pulsed  beam  when  Az«/!w.  Secondly, 
while  2?i  is  diamagnetic,  the  displacement  current 
Ex  also  contributes  to  the  electron  orbits  and  par¬ 
tially  cancels  the  effect  of  Bx. 

The  equilibrium  state  can  be  determined  by  solu¬ 
tion  of  the  continuity  and  momentum  transfer 
equations 


+  tV  V  (Hi  +  n0V-th  =  0 


(22) 


d  e  Az  „  „  r  (4  -  3pfi)Fl 

-rfi  = - -r  Ml**  xBA  1  +  ~WIa  1 

d t  y0meAw  [_  P\\(4  -  P\\) 

2  /„.2> 


+  2S 


(1  +  n  /y(|)F „ 
^24«2-(l+n2/yfj)2. 

e  Az 


y0me  A 


Kr  b  f(8~^)Gl 


00 


y(Az)=3G1(-Az,0)  +  4£ 

n  =  2 


rcG„(  —  Az,  0) 
4n2  -  1 


(27) 


In  the  long  pulse  limit  (Az  — ►  Aw),  <£>  -►  1  and  2*  -►  0 
and  we  recover  Eq.  (24).  In  contrast,  <P  ^  and 
W  0  as  Az  0.  The  general  behavior  of  these 
functions  is  illustrated  in  Fig.  1.  It  is  clear  that 
<P  «  |  for  A z/2w  <  0.01,  but  that  W  «  0  only  when 
Az/2W  =  1  or  Az/2W  <  10” 6.  When  10_6<Az/ 
2W  <  1,  the  self-fields  exert  forces  on  the  electrons 
which  are  proportional  to  both  ez  x  Bw  and  2?w. 

In  the  ultra-short  beam  limit  in  which  $  1/3 

and  IF  «  0,  we  have  that 


Az 


df 1  y0we31 


P$\ \^z 


(28) 


The  solution  follows  immediately  after  noting  that 
Vi,z  —  constant  and  Bw  =  kwvzez  x5w.  Since 
vltZ  «  0(i)2/i>j|),  the  orbit  is  given  approximately  by 
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Fig.  1.  Plots  of  <P  and  versus  the  pulse  length. 


As  a  result,  the  reduction  in  the  transverse  velocity 
is  A vjvw  =  -  n(Az/3Ay,)  corresponding  to  a  reson¬ 
ant  wavelength  of 


;  ~  l  _  g  Ag  aj  \ 
2yj^\  3  2W  1  +  al) 


(30) 


The  diamagnetic  effect,  therefore,  is  substantially 
smaller  than  for  a  long  pulse  beam. 

In  the  intermediate,  but  short  pulse  length,  re¬ 
gime 


d  e  A  z 

~Tvi  = - 

dt  y0me  Aw 


M|[«X  X  +  CTw] 


(31) 


and  the  trajectory  is  given  by 


A  z 

v  ^  (  1  —  -fi  )ww[^x  cos  kwz  +  ey  sin  /cwz] 


Az 

+  —  jut;w[  -  sin  kwz  +  ^  cos  /cwz] 


/ .  -  Az  uwV 
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This  results  in  a  wavelength  of 


.Az 


2^  1-2*-/* 


Xw  1  A-  at 


(32) 


(33) 


We  now  explore  the  consequences  of  these  re¬ 
sults  for  selected  FELs  in  the  LCLS  class.  We  first 
note  that  the  critical  dimension  Az  depends  impli¬ 
citly  on  the  assumed  length  of  the  insertion  device. 


For  a  long  undulator  with  length  Lu  >  2y^Lb  (with 
Lb  the  FWHM  bunch  length),  the  fields  generated 
by  any  part  of  the  beam  will  propagate  over  the 
whole  bunch,  and  Az  will  consequently  equal  the 
bunch  length.  This  is  in  fact  the  approximation 
under  which  the  foregoing  analysis  has  been  carried 
out,  resulting  in  the  maximum  possible  estimate  of 
the  self-fields.  For  a  shorter  undulator,  the  fields 
from  any  transverse  slice  of  the  bunch  will  propa¬ 
gate  over  a  distance  Az  =  NUX,  where  Nu  is  the 
number  of  undulator  periods.  For  an  FEL,  the 
coherent  fields  will  be  generated  predominantly 
within  the  last  gain  length  of  the  undulator,  viz.,  for 
a  distance  Az  «  0.1iVul  In  all  three  cases,  the  self¬ 
field  components  (in  the  one-dimensional  approxi¬ 
mation)  can  be  shown  to  assume  the  form  of  Eqs. 
(18)  and  (19),  viz.,  to  scale  linearly  with  A z/2w.  For 
the  LCLS,  where  Nu  =  3300,  X  =  0.15  nm,  and 
Lb  «  80  pm,  these  three  cases  considered  lead  to 
Az/Xw  values  of  2.7  xlO-3,  1.65  xlO-5,  and 
1.65  x  10“ 6,  respectively.  In  addition,  the  wiggler 
design  has  planar  symmetry  with  an  on-axis  field  of 
13  kG,  which  is  equivalent  to  a  helical  wiggler  with 
an  on-axis  field  of  9.2  kG  and  aw  «  2.6.  Using  the 
values  of  0,  *F,  and  (pAz/2w)  associated  with  these 
three  values  of  A z/2w  leads,  via  Eq.  (33),  to 
wavelength  shifts  of  5.6  xl0~3,  3.4xl0“5,  and 
3.4  xlO-6,  respectively.  For  the  TTF,  with 
Lb  «  54  pm,  a  helical-equivalent  aw 0.9,  Nu  =  915 
and  X  =  6.4  nm,  the  corresponding  wavelength 
shifts  are  1.2  x  10”3, 1.3  x  10"4,  and  1.3  x  10" 5.  It  is 
of  interest  to  note  that  while  the  shortest-scale 
self-field  shift  for  the  LCLS  insertion  device  appear 
to  be  negligible  (even  in  the  one-dimensional  ap¬ 
proximation),  the  corresponding  wavelength  shifts 
predicted  for  the  TTF  is  approximately  four  times 
larger,  conceivably  at  the  threshold  of  measurabil¬ 
ity.  In  view  of  this,  it  is  necessary  to  consider  further 
the  anticipated  corrections  resulting  from  three- 
dimensional  effects. 

In  general,  the  extent  to  which  the  one-dimen¬ 
sional  approximation  is  valid  can  be  gauged  from 
the  ratio  of  the  beam’s  transverse  diameter,  Db,  to 
the  length  over  which  the  self-field  interaction 
propagates  in  the  frame  of  the  electron  bunch.  If 
this  ratio  is  approximately  equal  to  or  greater  than 
unity,  the  transverse  slices  of  the  bunch  contribu¬ 
ting  to  the  field  at  the  point  of  observation  can  be 
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approximated  by  transversely  infinite  charge 
sheets,  and  the  one-dimensional  approximation  is 
justifiable  (at  least  for  self-fields  along  the  longitu¬ 
dinal  bunch  axis).  For  ratios  substantially  smaller 
than  unity  most  of  the  bunch  slices  contributing  to 
the  observed  self-field  will  appear  as  sources  of 
reduced  transverse  extent,  with  their  radiation 
fields  falling  of  as  (z  -  z')~ 1  (where  z'  is  the  point  of 
observation  and  z  the  longitudinal  bunch  coordi¬ 
nate)  in  the  limit  |z  —  z'|  ->  oo .  For  the  smallest 
assumed  lab-frame  interaction  length,  viz., 
Az  «  0.1Nu/lw,  the  ratio  in  question  is  given  by 
«  10Dbyn/NuAw.  For  both  the  LCLS  and  the  TTF 
this  works  out  to  approximately  0.04,  indicating 
a  relatively  strong  departure  from  the  assumed 
one-dimensional  approximation.  This  suggests  that 
a  fuller  three-dimensional  analysis  of  the  self-fields 
in  finite-length  wigglers  should  be  undertaken  for 
a  more  precise  estimation  of  self-field  effects,  and 


that  these  are  likely  to  be  substantially  reduced 
with  respect  to  the  self-fields  derived  in  this  paper. 
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Abstract 

Feedback  control  of  cavity  detuning  length  in  a  short-pulse  free-electron  laser  oscillator  system  is  suggested  and 
numerical  simulation  results  are  presented.  By  changing  the  detuning  length  with  reference  to  the  position  of  the  optical 
pulse  at  the  end  of  every  pass,  the  system  operation  is  very  stable,  and  very  high  power  and  comparably  good  spectral 
characteristics  have  been  achieved.  Feasibility  of  this  scheme  is  also  discussed.  ©  1999  Elsevier  Science  B.V.  All  rights 
reserved. 


1.  Introduction 

Many  free-electron  laser  oscillators  are  driven  by 
a  train  of  electron  bunches  shorter  than  or  equal  to 
the  slippage  distance.  This  is  because  RF  acceler¬ 
ators  are  widely  used  in  short  wavelength  FEL 
oscillators  [1].  So  there  has  been  growing  interest 
in  FELs  of  this  type. 

Short-pulse  FEL  oscillators  are  known  as  rich 
sources  of  various  interesting  phenomena,  like 
superradiance,  limit  cycle  oscillation,  chaos,  and  so 
on.  The  short-pulse  FEL  oscillator  as  a  nonlinear 
dynamical  system  has  been  analyzed  numerically, 
and  the  superradiant  phenomenon  has  been  ob¬ 
served  numerically  and  studied  analytically  [2-5]. 
Dynamic  cavity  desynchronization  is  also  sugges- 
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ted  and  its  realization  is  carried  out  for  this  type  of 
oscillator,  to  get  maximum  small-signal  gain  at  the 
amplifying  stage,  and  to  get  maximum  output 
power  at  saturation  [6-8]. 

In  this  paper,  we  try  to  actively  control  the  de¬ 
synchronism  between  the  optical  pulse  and  the 
electron  bunch  in  numerical  simulations.  Because 
of  the  lethargy  effect,  the  centroid  of  the  optical 
pulse  travels  slower  than  the  speed  of  light  in  vac¬ 
uum,  especially  at  the  startup.  We  check  the  posi¬ 
tion  of  the  centroid  of  the  optical  pulse  at  the  end  of 
each  round-trip,  and  decide  the  magnitude  of  cavity 
detuning  for  the  next  round-trip. 

2.  Feedback  control 

It  is  well  known  that  matching  between  the  elec¬ 
tron  beam  micropulse  and  the  optical  pulse  is  very 
important.  There  is  an  optimal  cavity  detuning 
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optical  pulse  centroid 


value  for  the  maximum  gain,  while  the  maximum 
saturation  power  exists  at  a  smaller  cavity  detun¬ 
ing.  With  decreasing  (in  absolute  value)  cavity 
detuning,  the  system  changes  from  steady-state  re¬ 
gime  to  limit-cycle  oscillation  regime,  and  further 
decreases  of  detuning  causes  the  onset  of  chaos  via 
periodic  doubling.  Near  the  perfect  synchronism, 
the  system  is  extinguished  due  to  the  lethargy  effect. 

All  these  phenomena  are  due  to  the  mismatch 
between  the  optical  pulse  and  the  electron  bunch. 
Because  of  the  slippage  effect,  it  is  impossible  to 
match  the  electron  bunch  with  the  centroid  of  the 
optical  pulse  all  the  time  during  the  operation,  but 
it  would  be  possible  to  change  the  cavity  detuning 
at  the  end  of  each  pass. 

The  idea  of  feedback  control  is  to  change  the 
cavity  detuning  value  with  respect  to  the  position  of 
the  optical  pulse,  such  that  the  new  electron  bunch 
can  be  launched  to  perfectly  match  the  centroid  of 
the  optical  pulse,  as  in  Fig.  1.  Here  /  is  the  electron 
micropulse  position  with  respect  to  the  optical  cen¬ 
troid  in  units  of  wavelength. 

To  simulate  light  and  electron  pulse  propaga¬ 
tion,  we  used  the  usual  one-dimensional  model  of 
equations  in  the  Compton  approximation.  The 
governing  equations  are  [9], 


'd_ 

dz  +  v\\  dt/J 


ksawas 

7/ 


sin  t j/j 


1  d  lfl  , 

H - pj  —  kw 

v\\dt] 


(1  +  al) 

'S  2yj 


(1) 

(2) 


(3) 

Here  y  is  the  electron’s  relativistic  Lorenz  factor, 
j  =  1,2 , ...,iVp  the  electron  index,  v\\  the  electron 
velocity  parallel  to  the  direction  of  the  light 
pulses,  ks  the  wave  number  of  the  light  signal, 
aw,as  are  normalized  vector  potentials  of  the 
wiggler  field  and  the  light  signal,  respectively,  t/q 
is  the  ponderomotive  phase  of  the  ;th  particle  de¬ 
fined  as 

\p  =  6{z)  +  0 s  =  (kw  +  ks)z  -  c ost{z)  +  </>s 

where  kw  is  the  wave  number  of  the  wiggler  field, 
cos  the  light  frequency,  and  (j)s  the  light  field  phase. 
In  Eq.  (3),  r\  =  a>l/2ksc2  (wp  is  electron  plasma  fre¬ 
quency),  F(z  —  t;j|£)  is  the  axial  electron  beam 
micropulse  profile  normalized  to  1  at  the  peak 
(0  <  F  <  1),  and  the  angular  brackets  indicate  an 
average  over  the  electrons.  In  these  simulations, 
most  of  parameters  are  those  of  FEL-1  in  FELIX, 
and  the  rectangular  profile  is  assumed  for  the  elec¬ 
tron  micropulse.  Note  that  the  slippage  length  in 
the  device  (382)  is  longer  than  the  electron  beam 
length  (  «  252). 

How  the  feedback  has  acted  is  shown  in  Fig.  2. 
At  the  startup  of  the  oscillation,  the  optical  pulse 
retards  to  SL  a  —  6.92,  and  at  the  32the  pass,  the 
zero  detuning  first  appeared.  It  means  that  the  peak 
which  has  the  largest  amplitude  in  the  optical  pulse 
remained  the  strongest  after  one  round  trip.  Be¬ 
tween  the  30th  pass  and  the  35th  pass  the  peak  of 
the  optical  pulse  wanders,  as  two  peaks  in  the  pulse 
compete,  and  after  the  40th  pass,  the  peak  of  the 
optical  pulse  almost  recovered  the  speed  of  light  in 
vacuum.  However,  to  maintain  the  signal,  the  feed¬ 
back  control  should  not  be  stopped.  (It  is  like 
making  a  rod  stand  on  a  finger  by  moving  the 
finger  in  the  direction  of  falling  continuously.)  The 
averaged  output  power  is  oscillating  somewhat,  but 
is  damping  out. 

In  Fig.  3,  the  electron  beam  length  is  set  equal  to 
the  slippage  length.  The  optical  pulse  retards  to 
SL  a  —  2.752  at  the  startup,  and  if  we  keep  the 
electron  bunch  tracking  the  optical  pulse  position, 
at  around  the  50- 100th  pass  the  centroid  of  the 
optical  pulse  sometimes  exceeds  the  speed  of  light 
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Fig.  2.  Feedback  control  of  the  cavity  detuning;  (a)  the  micropulse  averaged  intracavity  power  of  the  optical  pulse,  and  (b)  the  controlled 
cavity  detuning  value,  (c)  Optical  pulse  profiles  at  30th-35th  pass. 


in  vacuum.  This  is  because  we  position  the  tail 
of  the  new  electron  bunch  at  the  centroid  of 
the  optical  pulse,  making  the  electron  bunch 
start  slightly  in  advance  of  the  optical  pulse. 
By  doing  this,  the  electrons,  while  slipping 
back,  effectively  interact  with  the  major  part  of  the 
optical  pulse. 


3.  Power  and  spectrum  enhancement 

Fig.  4  is  the  intracavity  power  of  the  optical 
micropulse;  (a)  is  without  the  feedback  control  of 
the  cavity  detuning,  and  (b)  is  with  feedback  control 
after  the  200th  pass.  In  the  case  of  feedback  control, 
the  “Z  value”  is  set  to  0.  The  FEL  parameters  are  the 
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Fig.  3.  Feedback  control  of  the  cavity  detuning;  Lb  —  NX.  (a)  the  micropulse  averaged  intracavity  power  of  the  optical  pulse,  and  (b)  the 
controlled  cavity  detuning  value. 


Fig.  4.  Intracavity  power  of  the  optical  micropulse;  (a)  before  feedback  control,  (b)  feedback  control  starting  at  the  200th  pass. 


same  as  those  in  Fig.  2.  As  we  have  expected,  they 
all  go  to  the  same  status,  so  the  controlled  status  is 
quite  stable  and  there  seems  to  be  no  initial  condi¬ 
tion  dependency.  The  output  power  in  a  feedback 
controlled  system  is  very  high  and  there  is  no  cha¬ 
otic  fluctuations  or  stable  oscillations.  It  is  also 
clear  that  the  system  is  not  in  a  transient  state,  but 
in  a  steady  state. 

In  Fig.  5,  we  compared  the  spectral  profile  of 
a  feedback  controlled  signal  with  other  statically 
detuned  signals.  The  spectral  bandwidth  of  the 
feedback-controlled  signal  in  Fig.  5(d)  is  narrower 
than  in  case  (a),  where  SL  is  —  0.12,  and  in  case  (b), 
where  SL  is  —  X  and  the  system  is  in  the  limit  cycle 
oscillation  regime.  The  FWHM  is  about  320  in  this 


simulation.  Moreover,  the  spectrum  is  much 
smoother  in  the  feedback-controlled  case,  and  the 
power  level  is  also  much  higher,  as  shown  in  Fig.  4. 
Though  the  sharpness  of  the  spectrum  is  far  better 
in  case  (c),  where  SL  —  —  32,  the  power  level  of  this 
region  is  much  less  than  even  that  of  (b).  These 
results  suggest  that  by  feedback  control  of  cavity 
detuning,  a  very  high  power  level  and  comparably 
good  spectrum  profile  may  be  possible  at  the  same 
time  in  the  short-pulse  FEL  oscillators. 

The  power  level  of  FCS  (feedback  controlled 
signal)  will  depend  on  the  parameter  /,  which  is 
defined  in  Fig.  1.  The  /  parameter  determines  the 
initial  position  of  the  electron  bunch  with  respect  to 
the  optical  pulse.  Because  of  the  slippage,  there 
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(a)  A  (b)  A 


Fig.  5.  Power  spectrum;  (a)  SL  =  —  0.1/1,  (b)  SL  =  —  A,  (c)  SL  =  —  3A,  (d)  feedback-controlled  case. 


I  (in  unit  of  A) 


must  be  an  optimal  l  >  0,  which  maximizes  the 
steady-state  power.  We  computed  the  time-aver¬ 
aged  steady-state  power  as  a  function  of  /,  and  the 
results  are  shown  in  Fig.  6.  The  optimal  /  value  is  5A 
in  this  case.  From  /  =  0,  the  power  decreases  rela¬ 
tively  fast  as  /  becomes  negative,  while  only  slight 
changes  are  seen  when  /  has  positive  values. 

4.  Conclusion  and  discussion 

We  have  suggested  the  feedback  control  of  cavity 
detuning  for  a  short-pulse  free-electron  laser  system 
to  achieve  high  power,  good  spectrum,  and  stable 
operation.  Using  feedback  control,  we  have  found 
the  steady  state  near  the  zero  cavity  detuning 
regime,  and  it  does  not  depend  on  the  initial 
condition  of  the  system.  The  high  power  with 


Fig.  6.  Time-averaged  power  of  the  steady-state  regime.  The 
variable  /  is  defined  in  Fig.  1. 
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a  feedback-controlled  signal  may  be  understood  as 
a  superradiant  behavior  [5,10].  The  transient 
regime  near  zero  cavity  detuning  in  an  ideal  case 
without  loss  has  been  studied  previously  [10]  and  it 
may  be  possible  to  describe  the  feedback  control  of 
cavity  detuning  as  a  stabilization  of  the  transient 
regime.  The  analysis  is  under  way. 

Realization  of  this  feedback  control  would  be 
not  so  easy.  The  required  feedback  time  is,  for  the 
FEL-I  system  in  FOM,  about  40  ns.  The  RF-signal 
modulation  technique  used  in  the  DCD  experiment 
may  be  used  for  this  type  of  control  [8].  At  the 
steady  state,  the  cavity  detuning  value  changes  only 
sightly,  but  at  the  amplification  stage,  the  required 
change  of  cavity  detuning  per  one  round  trip  can  be 
up  to  several  wavelengths.  Even  if  the  required 
feedback  time  and  scale  is  achievable,  it  would  be 
very  difficult  to  identify  the  position  of  the  optical 
pulse  at  the  end  of  each  pass. 

As  an  alternative,  because  feedback  cavity  detun¬ 
ing  signals  in  these  simulations  are  almost  periodic 


at  the  steady-state  stage,  it  may  yield  a  similar 
result  if  we  change  the  cavity  detuning  periodically. 
But  in  this  case,  there  is  no  stabilizing  force  in  the 
system,  so  it  would  work  only  for  a  limited  time  and 
only  when  the  near  synchronism  state  is  not  heavily 
unstable.  To  make  the  system  reach  its  steady  state 
is  also  a  problem. 
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Abstract 

The  Ginzburg-Landau  model  for  the  radiation  field  of  a  free-electron  laser  (FEL)  was  originally  derived  for  a  high-gain 
amplifier  (S.Y.  Cai  and  A.  Bhattacharjee,  Phys.  Rev.  A  43  (1991)  6934).  With  a  view  to  making  precise  comparisons 
with  experimental  data  from  the  long-pulse  FEL  oscillator  at  the  University  of  California  at  Santa  Barbara  (UCSB) 
(L.R.  Elias,  G.  Ramian,  J.  Hu,  A.  Amir,  Phys.  Rev.  Lett.  57  (1986)  424),  we  have  developed  a  new  formulation  of  the 
Ginzburg-Landau  model  starting  from  the  low-gain  oscillator  equations.  We  implement  a  small-amplitude  expansion  of 
the  radiation  field,  and  derive  the  coefficients  of  the  Ginzburg-Landau  equation  by  analysis  as  well  as  by  Mathematica. 
Stability  analysis  of  the  Ginzburg-Landau  equation  produces  results  similar  to  those  obtained  by  T.M.  Antonsen  and  B. 
Levush  (Phys.  Fluids  B  1  (1989)  1097).  These  include  the  stability  of  the  main  mode  (no  Benjamin-Feir  instability),  phase- 
unstable  off-centered  modes  (Eckhaus  instability),  as  well  as  relaxation  to  the  single  mode  which  occurs  much  faster  in 
amplitude  than  in  phase.  We  obtain  the  saturated  radiation  amplitude  a0  as  functions  of  the  detuning  parameter  pinj  and 
cavity  loss,  and  determine  the  phase  instability  boundary  in  the  a0  —  pinj  plane.  The  probability  of  realizing  a  single  mode 
starting  with  random  initial  conditions  is  calculated  and  compared  with  spectral  measurements  from  the  UCSB 
FEL.  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  41.60.Cr;  42.65.Tg;  52.35.Mw 

Keywords:  Ginzburg-Landau  model;  Free  electron;  Single-mode  state 


1.  Introduction 

Cai  and  Bhattacharjee  [1]  have  proposed  that 
the  radiation  field  of  a  free-electron  laser  (FEL) 
amplifier  can  be  modeled  by  the  complex 
Ginzburg-Landau  equation  (GLE)  of  the  general 
form 

DA  fl2  A 

-j-  =  A  +  (1  +  ici)-r-2 —  (1  +  ic2)\A\2A.  (1) 

02  ct 


*  Corresponding  author. 


In  Eq.  (1),  A(z,  t)  is  a  complex  scalar  field,  z  and  t  are 
real  independent  variables,  and  ct  and  c2  are  real 
parameters.  In  previous  work  [2],  motivated  large¬ 
ly  by  the  experimental  results  from  the  long-pulse 
FEL  at  the  University  of  California  at  Santa  Bar¬ 
bara  (UCSB)  [3,4],  we  have  applied  the  GLE  to 
discuss  the  issues  of  mode  competition  and  single¬ 
mode  operation.  In  particular,  the  GLE  has  en¬ 
abled  us  to  resolve  a  long-standing  controversy 
[5-11]  on  whether  single-mode  operation  was  truly 
attained  in  the  UCSB  FEL.  Our  results  tend  to 
support  the  conclusion  [8-11]  that  a  single  mode 
was  most  probably  not  realized  in  the  experiment 
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[3,4].  The  early  disappearance  of  temporal  vari¬ 
ations  in  the  radiation  power,  seen  in  the  experi¬ 
ment  [3,4],  is  due  to  the  much  faster  decay  rate  of 
amplitude  perturbations  than  phase  perturbations. 
However,  the  mere  absence  of  temporal  variations 
in  the  power  is  not  sufficient  to  ensure  that  a  single 
mode  is  realized  because  it  conceals  the  presence  of 
multiple  modes  rapidly  varying  in  phase. 

Our  earlier  derivation  of  the  GLE  [1,2]  was 
based  on  the  equations  for  a  FEL  amplifier  in  the 
high-gain,  Compton  regime.  Since  our  qualitative 
conclusions  on  a  single-mode  operation  [2]  are 
similar  to  those  of  Antonsen  and  Levush  [8-11] 
who  rely  on  the  low-gain  oscillator  equations,  we 
have  conjectured  [2]  that  the  underlying  physics  of 
mode-competition  and  single-mode  operation  is 
similar  in  amplifiers  and  oscillators.  In  this  paper, 
we  prove  the  conjecture  by  deriving  the  GLE  from 
the  low-gain  oscillator  equations.  In  so  doing,  we 
make  a  strong  case  for  the  universal  applicability  of 
the  GLE  to  a  long-pulse  FEL,  independent  of 
whether  the  FEL  is  configured  as  an  oscillator  or 
an  amplifier. 

The  following  is  a  plan  of  this  paper.  In  Section  2, 
we  present  a  derivation  of  the  GLE  from  the  low- 
gain  oscillator  equations.  In  Section  3,  we  discuss 
the  stability  of  a  single-mode  solution  of  the  GLE. 
With  a  view  to  comparing  theoretical  predictions 
with  direct  spectral  measurements  from  the  IJCSB 
FEL  [12],  we  report  in  Section  4  the  results  of 
a  large  number  of  high-resolution  simulations  of 
the  GLE  with  random  initial  conditions.  We  con¬ 
clude  in  Section  5  with  a  summary. 


2.  Derivation  of  the  GLE 

We  derive  the  GLE  from  the  equations  for 
a  low-gain  oscillator.  In  particular,  it  is  convenient 
to  use  the  formulation  used  by  Antonsen  and 
Levush  [8-1 1]  who  represent  the  radiation  field  by 
the  Fourier  series 

00 

4Vo)=  X  a„(Ts)exp(-i«7tT0)-  (2) 

n  =  —  oo 

In  Eq.  (2),  a  is  the  normalized  signal  amplitude, 
related  to  the  vector  potential  A  for  the  radiation 


field  by  the  relation 

_  qA  / coL\  2  K{  1  +K2/ 2) 
a  mc2  \  c  )  [y|  -  (1  +  K2/ 2)]2 


where  and  c  is  the  electron  charge,  mass, 

relativistic  factor  and  speed  of  light,  co  is  the  refer¬ 
ence  frequency  of  the  radiation,  K  —  qAJmc2yR  is 
the  wiggler  parameter,  L  is  the  length  of  the  interac¬ 
tion  region,  and  Aw  is  the  magnetic  potential  of  the 
wiggler.  The  time  dependence  of  a  is  separated  into 
a  fast  time  t0  associated  with  the  time  of  transit  of 
the  radiation  through  the  empty  cavity,  and 
a  slower  time  ts  associated  with  the  decay  time  of  the 
radiation  in  the  empty  cavity.  Specifically,  we  write 
t0  =  fvg/Lc,  where  t  is  the  physical  time,  Lc  is  the 
cavity  length,  vg  is  the  axial  group  velocity  and 
ts  —  fWg/2Lc,  where  v  is  the  fraction  of  the  power  lost 
from  the  radiation  field  per  round  trip.  Note  that  a  is 
a  periodic  function  of  t0,  with  a  period  of  2.  The 
evolution  of  a  in  slow  time  is  given  by  the  equation 


da„  1 

dX  +  2fl,‘“ 


if  f2dT0 
4V.  o  2 


r  i 


d£<exp{  -  i[i//  -  mt(e£  +  t0)]}> 

0 


(4) 


where 


r  _4njL3co  K(1  +K2/2) 

~~U  vg  [y2-(\+K2/2)f 

is  the  normalized  current.  Here  JA  =  yRfizmc3/q  is 
the  so-called  Alfven  limiting  current,  j  is  the  effec¬ 
tive  beam  current  density,  =  vjc  is  the 
normalized  electron  axial  velocity,  £  =  z/L  is  the 
normalized  axial  coordinate, 


(5) 


is  the  slippage  parameter,  and  ij/  =  (/cw  +  kz)z  —  a>t 
is  the  relative  phase  of  an  electron,  with  kw,kz 
denoting  the  wave  number  of  the  wiggler  and  the 
radiation  field.  Note  that  the  angle  bracket  in 
Eq.  (4)  represents  an  ensemble  average  over  en¬ 
trance  phases  i j/0,  assumed  to  be  uniformly  distrib¬ 
uted  between  0  and  2n.  The  phase  i/f  satisfies  the 
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one-dimensional  pendulum  equation, 

dp  _  d  V 

d|=d? 

=  Imf  Y,  exp{i[i//  -  mt(e£  +  r0)]} 


subject  to  the  boundary  condition 
—  =  p0  =  constant.  (7) 

d£  {=0 

Eqs.  (4),  (6)  and  (7)  are  the  basic  equations  under- 
lying  the  numerical  simulations  discussed  in  Refs. 
[8-11]. 

Now,  we  define  Q  =  <exp(  -  ii/0>  and  observe 
that  Q  has  the  following  functional  dependence: 

Q  =  fi[Po,^fl(Ts,To),fi5fl(Ts,To)/ 

dx0,  e2d2a( ts,  t0)/^o,  •  •  •  ]•  (8) 

By  Eq.  (2),  we  can  rewrite  Eq.  (4)  as 

+  i  a=  d{Q[p0,{,a(Ts,T0  -  eQ, 

dxs  2  4vJ0 

£^a(ts,  t0  -  efYd t0,  . . .  ]■  (9) 

Expressing  ^  in  a  Taylor  series 
00  1  d  n\l/ 

m  =  Z  ^  f  (10) 

we  can  write,  in  the  low-gain  approximation, 
exp[  -  ii =  exp[  -  #0  +  Po£)] 


V  IT-  V  ?  T 

hm'l  \hn\  df4.0_  ' 


Note  that  by  Eq.  (6),  the  mth  term  in  the  above 
series  is  0(am).  We  will  restrict  ourselves  to  the  case 
of  small  a,  and  so  keep  only  terms  up  to  0(a3).  Also, 
it  can  be  easily  seen  that  terms  of  a  raised  to  odd 
power  are  the  only  ones  to  survive  the  ensemble 
average.  So  we  obtain 


i|~  «  <fd>0~ 
+  e[nh  «!  df  _ 


Let  us  first  consider  the  linear  term  of  Eq.  (12).  By 
Eqs.  (2),  (6),  (9)  and  (12),  it  can  be  shown  analytically 
that 

+  U  =  E  r G0(Po)a  - 


where 


1  ,  ,2  d2a 

~2G2(Po)e  8?0 


„  ,  ,  Id  ( cos  po  -  1 

Go(p°)=2d j\—pr- 

i  d  /go  -  si 
+  2dp0\  Po 


Gi(Po)  — 


r,  ,_d2G0 

G2(Po)_1^T 


Note  that  the  real  part  G0r  is  just  the  standard  small 
gain  function  of  an  oscillator  which  is  positive  for 
0  <  po  <  6.28  with  a  maximum  at  p0  «  2.6. 

The  third-order  term  in  Eq.  (12)  is  more  complic¬ 
ated.  If  we  neglect  all  contributions  due  to  sd/dT0  as 
well  as  its  higher  powers,  which  is  justified  if  \a\  and 
b  are  sufficiently  small,  it  can  be  seen  that  there  will 
be  an  additional  term  proportional  to  \a\2a  in 
Eq.  (13).  The  final  equation  is  of  the  form 

da  1  /L,  ,  r  (  \  da 

+  =  G0(p0)tf-iGi(po)£x- 

dxs  2  4v  |_  o  t0 

-l)G2{po)e2^:  +  p{poM2a  .  (16) 

2  0  T0 

Although  the  coefficient  ft  cannot  be  written  in 
closed  form,  we  can  express  it  as  a  power  series  in 
Po,  that  is, 

P(Po)  =  Z 

n  =  0 

and  calculate  the  coefficient  /?„  using  Mathematica 
up  to  n  =  25.  We  also  find  that  jff(p0)  is  well- 
approximated  by  the  relation 

j8(p0)  »  -  2.3|G0(po)|2G0(Po)  (18) 

for  |pol  <  6. 

Eq.  (16)  is  already  in  the  form  of  the  GLE.  We 
can  transform  it  into  the  standard  form  (1)  by  using 
the  transformations  given  in  Ref.  [2]. 
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3.  Stability  of  a  single  mode 

Single  mode  solutions  of  Eq.  (1)  and  their  stabil¬ 
ity  properties  have  been  discussed  in  detail  in 
Ref.  [2].  The  single  mode  with  the  largest  gain  is 
stable,  that  is,  there  is  no  Benjamin-Feir  instability 
of  the  GLE  if  1  +  cqc2  >  0.  Using  the  transforma¬ 
tions  given  in  Ref.  [2],  we  can  show  easily  that  cY  = 
G2j/G2r,  C2  ~  Pi/fir,  and  furthermore, 


1  +  CiC2  =  1  +  G2i/?i/G2r/?r  >  0  (19) 


for  |po|  <  4.632.  However,  away  from  the  gain  max¬ 
imum,  the  system  is  unstable  to  the  Eckhaus  insta¬ 
bility.  Following  the  method  discussed  in  Ref.  [2], 
we  can  obtain  analytically  the  following  stability 
condition  for  the  slippage  parameter  s  ->  0: 


GuP  i 
G2rPr 


Wo\2  > 


G  2U 
G2rPr 


Here 


(20) 


(21) 


Fig.  1.  Contours  of  constant  y  (dashed  curves),  from  1  (most 
inner  curve)  to  4  (most  outer  curve)  with  a  constant  increment  of 
I  using  Gm  —  calculated  from  Eq.  (21),  plotted  on  the  ( a0,p0 ) 
space.  The  phase  stability  boundary  for  e  =  0.2  (solid  curve),  and 
for  e  -*  0  (dotted  curve)  is  calculated  from  Eq.  (20).  The  central 
region  is  stable. 


is  the  square  of  amplitude  of  the  complex  saturated 
radiation  field,  Gm  is  a  constant  chosen  to  be  close 
to  the  maximum  value  of  G0r  and  y  =  Gmf/ 4v.  Note 
that  it  is  always  possible  to  choose  \a0\2  so  that  the 
Eckhaus  stability  condition  (20)  is  violated.  As 
shown  in  Ref.  [2],  the  Eckhaus  instability  is  a  phase 
instability  because  the  phase  perturbation  grows 
much  faster  than  the  amplitude  perturbation  in  the 
linear  stage  of  the  dynamics. 

In  Fig.  1  we  plot  contours  of  constant  y  (dashed 
lines),  calculated  from  Eq.  (21)  in  (a0,p0)  space. 
They  are  qualitatively  similar  to  those  reported  in 
Refs.  [8-11],  When  s  >  0,  the  analytical  condition 
(20)  is  not  accurate  for  small  |<30|,  and  so  we  deter¬ 
mine  the  stable  domain  numerically.  The  solid  lines 
in  Fig.  1  define  the  stability  boundaries  for  £  =  0.2, 
with  the  stable  region  lying  in-between  the  two 
lines.  These  curves  also  are  qualitatively  similar  to 
those  reported  in  Refs.  [8-11].  The  dotted  line  in 
Fig.  1  represents  the  stability  boundaries  according 
to  the  analytical  condition  (20)  which  is  valid  in  the 
limit  £-*0.  For  small  values  of  £  (for  example, 
£  %  3.3  x  10“ 3  for  the  UCSB  FEL),  the  numerical 
stability  boundaries  cannot  be  distinguished  from 
the  £  ->  0  boundaries  when  plotted  on  the  scale  of 
Fig.  1. 


4.  Spectrum  and  statistics 

In  Ref.  [2],  we  have  already  presented  numerical 
simulations  for  the  GLE  showing  that  it  takes 
a  rather  long  time,  compared  with  the  electron 
pulse  length,  for  the  radiation  field  to  relax  to 
a  single  mode.  While  the  amplitude  relaxes  quickly 
to  a  nearly  constant  value,  multiple  modes  persist 
in  the  phase.  This  can  be  easily  explained  by  the  fact 
that  the  decay  rate  of  the  amplitude  perturbation  is 
much  larger  than  that  of  the  phase  perturbation. 
The  spectral  half-width  of  the  radiation  field 
is  found  to  decay  as  t“1/2,  in  agreement  with 
Refs.  [8-11]. 

In  the  experiment  reported  in  Ref.  [12],  the  spec¬ 
trum  is  directly  observed  using  a  spectrometer 
which  is  capable  of  resolving  20  modes  in  a  given 
pulse.  About  90  spectra  were  taken  and  about  29% 
of  them  were  found  to  be  a  “single  mode”  state, 
defined  in  Ref.  [12]  as  a  state  in  which  one  mode 
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has  power  at  least  twice  as  large  as  any  other  mode. 
Note  that  this  is  a  much  less  stringent  definition  of 
a  single  mode  state  than  we  have  adopted  so  far.  In 
the  simulations  discussed  in  Refs.  [8-11,13],  based 
on  numerical  solutions  of  Eqs.  (4)-(7),  many  modes 
were  found  within  the  spectral  half-width.  It  was 
estimated  that  only  about  10-18%  cases  fall  in  the 
“single-mode”  category,  according  to  the  less  strin¬ 
gent  definition  adopted  in  Ref.  [13]. 

Here,  we  present  our  own  simulations  of  the 
GLE  [Eq.  (16)].  In  all  runs,  we  use  parameters 
characteristics  of  the  UCSB  experiment  with 
e  =  3.3  x  10“ 3,  p0  =  2.60 6  which  is  near  maximum 
gain  and  x  =  3,  with  Gm  =  G0r  (2.606).  Note  that 
a  value  of  x  larger  than  approximately  4  will  excite 
the  sideband  instability  [8-11]  which  will  invali¬ 
date  the  GLE.  For  ease  of  comparison  with 
Refs.  [8-11,13],  we  take  x  =  3.  We  use  peri¬ 
odic  boundary  conditions  on  t0  with  a  period  of 
2,  and  a  total  of  1024  Fourier  modes  including 
390  modes  under  the  positive  gain  curve.  Initially, 
random  small  amplitudes  are  assigned  to  all  the 
Fourier  modes.  Then  the  evolution  of  the  radiation 
field  as  a  function  of  ts  is  obtained  by  solving  Eq. 
(16)  by  a  pseudo-spectral  method.  Note  that  the 
slow  time  ts  =  fvvg/2Lc  =  fv/0.05  ps  for  the  para¬ 
meters  of  the  UCSB  experiment.  Since  v  is 
the  fractional  power  loss  per  round  trip,  its 
maximum  value  is  one.  The  maximum  time  t  is 
determined  by  the  pulse  length  of  the  electron, 
which  is  about  50  ps.  Therefore,  the  maximum  re¬ 
quired  value  of  ts  is  about  1000.  In  reality,  since  v  is 
smaller  than  unity,  ts  is  of  the  order  of  a  few 
hundred. 

We  now  present  the  statistical  results  from  104 
runs,  each  with  a  random  initial  condition.  In 
Fig.  2,  we  plot  the  probability  P2 o  (solid  line)  of 
finding  a  “single  mode”  within  the  central  20-mode 
range,  defined  in  Refs.  [12,13],  as  a  function  of  ts. 
We  see  that  the  probability  grows  very  rapidly  for 
ts  <  50,  but  grows  much  more  slowly  after  that  at 
a  level  around  10%.  This  agrees  with  the  estimates 
given  in  Ref.  [13]  but  is  only  about  a  third  of  the 
experimental  finding  [12].  It  should  be  borne  in 
mind,  however,  that  the  simulation  sample  is  much 
larger  than  the  experimental  sample  (90  shots),  and 
it  is  possible  that  the  experimentally  calculated 
probabilities  on  the  basis  of  a  small  number  of 


Fig.  2.  Solid  curve:  the  probability  P20  of  finding  a  “single 
mode”  using  the  definition  of  Refs.  [12,13],  within  the  central 
20-mode  range  as  a  function  of  ts  based  on  104  random  runs. 
Dotted  curve:  the  probability  PM  of  a  “single  mode”  for  the 
whole  spectrum. 


shots  overestimate  P20  due  to  the  presence  of  large 
fluctuations. 

In  Fig.  2,  the  dotted  line  represents  Pall,  the 
probability  of  a  “single  mode”  for  the  entire  spec¬ 
trum.  Note  that  PaI]  <  P20  by  definition.  We  see 
that  there  exits  a  substantial  difference  (about  0.04) 
between  the  two  curves  for  ts  as  large  as  400. 
This  implies  that  about  a  third  of  the  so-called 
“single-mode”  cases,  inferred  by  calculating 
P20,  are  not,  in  fact,  single  modes  even  by  the 
less  stringent  definition  adopted  in  Ref.  [12] 
because  it  is  possible  to  find  a  mode  with  a  larger 
amplitude  outside  of  the  central  20-mode  range. 
We  now  show  that  all  these  so-called  “single¬ 
mode”  cases  do  not  truly  represent  single  modes 
at  all  if  we  determine  single-mode  states  by  the 
more  stringent  and  accurate  condition  An  <  1, 
where 

An  =  <(n  -  <»)2>1/2  (22) 

with 

<n>  =  £  n|a„|/£  |a„|.  (23) 

n  m 
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Fig.  3.  Probability  density  P(An)  at  ts  =  400  based  on  the  same 
set  of  runs  as  in  Fig.  2.  Note  that  the  probability  of  obtaining 
An  <  1,  a  true  single-mode  state,  is  negligible. 

Fig.  3  shows  the  probability  density  P(An)  for  dif¬ 
ferent  An  values  at  ts  =  400.  We  see  that  the  most 
probable  value  is  about  An  «  15.  The  probability 
for  An  to  be  near  one,  representing  a  true  single¬ 
mode  state,  is  negligibly  small. 


5.  Conclusion 

We  have  presented  a  new  derivation  of  the  GLE 
for  a  long-pulse,  low-gain  FEL  oscillator.  The  satu¬ 
ration  level  contours  and  phase  stability  boundary 
curves  are  found  to  be  qualitatively  similar  to  those 
of  Refs.  [8-11].  Based  on  a  large  number  of  numer¬ 
ical  simulations  of  the  GLE,  we  have  determined 


that  the  most  probable  state  realized  in  a  typical 
electron  pulse-length  consists  of  about  15  modes. 
The  probability  of  realizing  a  true  single-mode 
state  is  found  to  be  negligibly  small. 
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Abstract 

The  first  results  of  the  observation  of  superradiance  from  a  single,  subnanosecond,  high  current,  electron  bunch  passing 
through  a  wiggler  immersed  in  a  guide  magnetic  field  are  presented.  The  300-500  ps  microwave  pulses  were  generated  in 
the  high  gain  regime  for  both  the  conventional  and  reverse  directions  of  the  guide  magnetic  field.  The  dependence  of  the 
radiation  power  on  the  interaction  length  as  well  as  the  absolute  value  of  the  power,  100-200  kW,  were  related  with  the 
development  of  self-bunching  and  consequently  with  coherent  emission.  ©  1999  Elsevier  Science  B.V.  All  rights 
reserved. 


1.  Introduction 

In  recent  years  much  attention  has  been  paid  to 
theoretical  consideration  of  superradiance  (SR) 
from  space-localized  ensembles  of  electrons  [1-11]- 
This  phenomenon  includes  features  present  in  both 
stimulated  (self-bunching  and  coherence)  as  well  as 
spontaneous  processes  (absence  of  threshold).  It  is 
reasonable  to  consider  SR  in  a  specific  situation 
when  the  electron  pulse  duration  essentially 
exceeds  the  wavelength  (otherwise  it  is  effectively 
traditional  spontaneous  emission  without  self- 
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bunching)  while  at  the  same  time  is  less  than  the 
interaction  length  (in  contrast  to  the  mechanism  of 
stimulated  emission  of  quasi-continuous  electron 
beams  which  are  used  extensively  in  microwave 
electronics  -  travelling  wave  tubes,  backward  wave 
oscillators,  cyclotron  resonance  masers,  free- 
electron  lasers  (FELs),  etc.  [12,13]).  Thus  super¬ 
radiance  may  be  regarded  as  pulse  stimulated 
emission  from  a  single  short  electron  bunch  which 
includes  particle  self-bunching  as  well  as  slippage 
and  the  escape  of  radiation  from  the  electron  pulse. 
Normally  slippage  of  radiation  is  associated  with 
the  difference  between  the  electromagnetic  wave 
group  velocity  and  the  electron  bunch  axial  velo¬ 
city  [1-4].  However,  in  the  special  case  of  group 
synchronism  conditions  when  the  wave  group  velo¬ 
city  and  the  electron  bunch  axial  velocity  coincides 
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some  slippage  will  arise  from  the  wave  packet  ex¬ 
pansion  caused  by  dispersion  [11,14]. 

Superradiance  can  be  associated  with  several 
different  mechanisms  of  stimulated  emission: 
bremsstrahlung,  cyclotron,  Cherenkov,  etc. 
Experimental  observations  of  cyclotron  and 
Cherenkov  superradiance  in  the  microwave 
waveband  have  been  studied  and  reported  in  Refs. 
[14-16].  A  RADAN  303  accelerator  with  a  sub¬ 
nanosecond  sheer  was  used  as  a  driver  of  high 
current  subnanosecond  electron  bunches.  Sub¬ 
nanosecond  microwave  pulses  with  peak  power  up 
to  several  hundreds  of  kilowatts  in  the  case  of 
cyclotron  emission  and  up  to  several  megawatts  in 
the  case  of  Cherenkov  emission  have  been  re¬ 
corded.  The  microwave  signal  was  amplified  from 
the  noise  level  up  to  the  level  mentioned  above 
during  the  single  passage  of  an  electron  bunch 
through  the  interaction  region  which  typically  was 
within  the  range  10-30  cm.  Therefore,  the  radiation 
was  associated  with  the  high  gain  regime.  In  Ref. 
[17]  results  of  the  observation  of  magnetic  Brem¬ 
sstrahlung  SR  from  a  series  of  picosecond  electron 
bunches  passing  through  a  wiggler  have  been  re¬ 
ported.  In  this  experiment  a  superradiation-like 
regime  was  obtained  in  the  FELIX  infrared  FEL 
when  the  detuning  parameter  tended  to  zero.  The 
maximum  power  of  the  SR  pulse  in  these  experi¬ 
ments  achieved  a  level  of  several  hundred  MW  but 
pulse  amplification  occurred  in  the  low-gain  regime 
in  which  the  electromagnetic  pulse  travelling  be¬ 
tween  the  mirrors  interacts  with  a  whole  train  of 
electron  pulses. 

In  the  present  paper  we  describe  results  of  the 
first  experimental  observation  of  microwave  mag¬ 
netic  bremsstrahlung  SR  in  the  high  gain  regime. 
Radiation  was  emitted  by  a  single,  high  current, 
electron  bunch  moving  in  a  combined  wiggler  and 
homogeneous  guide  magnetic  field  (see  Fig.  1). 
The  electrons  radiated  under  the  synchronism 
condition  (see  Fig.  2). 

c o  -  fc||t?n  =  Qb.  (1) 

Here  frequency  co  and  longitudinal  wave  number 
/C|j  are  related  by  the  dispersion  characteristic  of  an 
operating  waveguide  mode,  is  the 

bounce  frequency,  is  the  electron  drift  velocity, 
and  2W  is  the  wiggler  period. 


12  3  4  5  6  7  8 


Fig.  1.  Experimental  configuration  of  the  interaction  region 
(1  -  cathode;  2  -  anode;  3  -  guiding  field  solenoid;  4  -  wiggler 
coil;  5  -  electron  pulse;  6  -  drift  chamber;  7  -  horn;  8  -  micro- 
wave  window.) 


0  4  8  12 


Fig.  2.  Dispersion  diagram  showing  the  waveguide  mode  and 
the  electron  beam  grazing  condition. 


2.  Experimental  set-up 

A  RADAN  303  accelerator  with  a  sub¬ 
nanosecond  sheer  was  used  to  inject  0.3-0.5ns, 
0.1-1  kA,  220  keV  electron  pulses  [18,19].  A  short 
duration  electron  pulse  was  generated  when  this 
sub-nanosecond  voltage  pulse  was  applied  across 
a  magnetically  insulated  coaxial  diode  which  utiliz¬ 
ed  a  cold,  explosive-emission  cathode.  The  fast  elec¬ 
tron  bunch  current  and  accelerating  voltage  pulse 
were  measured  using  a  strip  line  current  probe  and 
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an  in-line  capacitive  probe,  respectively.  Typical 
oscillograms  of  the  electron  current  before  the  col¬ 
limator  and  voltage  across  the  cathode  are  present¬ 
ed  in  Fig.  3.  These  sub-nanosecond  signals  were 
recorded  using  a  Tektronix  7250  digitizing  oscillo¬ 
scope  with  a  single-event  7  GHz  analog  bandwidth. 
For  measurement  of  the  radiation  a  hot-carrier 
germanium  detector  with  a  rise  time  of  200  ps  was 
used. 


Fig.  3.  Typical  waveforms  of  (a)  the  accelerating  voltage  and 
(b)  pulsed  electron  current  before  the  collimator. 


High-current  electron  pulses  were  transported 
through  the  interaction  space  of  total  length  up  to 
30  cm  in  a  longitudinal  guide  magnetic  field  of  up 
to  1.4  T.  A  collimator  was  used  to  improve  electron 
beam  quality.  The  collimated  electron  beam  dia¬ 
meter  was  4  mm.  The  peak  electron  current  after 
the  collimator  was  reduced  from  800  to  250  A. 
Transverse  momentum  was  imparted  to  the  elec¬ 
trons  by  the  helical  wiggler.  Adiabatic  tapering  of 
the  wiggler  entrance  over  6  periods  was  used  to 
provide  smooth  excitation  of  the  bounce  oscilla¬ 
tions.  In  the  regular  section  of  the  wiggler  with  total 
length  20  cm  and  period  of  1.6  cm  electrons  moved 
along  helical  trajectories  with  constant  longitudinal 
velocity.  These  trajectories  correspond  to  the  sta¬ 
tionary  orbits  of  type  groups  I  and  II  [20].  For 
these  orbits  the  calculated  dependencies  of  the 
transverse  electron  velocity  on  the  strength  of  the 
guide  magnetic  field  are  presented  in  Fig.  4  for 
different  amplitudes  of  the  wiggler  field.  Solid  lines 
correspond  to  an  ideal  wiggler  while  the  dashed 
lines  were  found  from  simulations  of  electron  tra¬ 
jectories  in  the  real  wiggler  (taking  into  account  the 
transverse  inhomogeneity  of  the  wiggler  field).  It 
was  possible  to  switch  the  direction  of  the  guide 
magnetic  field.  To  facilitate  the  transportation  of 
the  high-current  electron  bunch  through  the  inter¬ 
action  space  the  magnitude  of  the  uniform  mag¬ 
netic  field  needs  to  be  rather  high,  in  excess  of  1  T. 
In  such  a  guide  field  Group  I  steady  orbits  can  be 
realized  only  for  the  so-called  reverse  direction  of 


Fig.  4.  Transverse  electron  velocity  as  a  function  of  both  guide  and  wiggler  magnetic  fields. 
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the  guide  magnetic  field  [21,22].  At  the  same  time 
electron  motion  over  the  group  II  orbits  occurred 
for  the  conventional  direction  of  the  guide  field. 
In  this  case  the  strength  of  the  magnetic  field 
exceeded  the  cyclotron  resonance  value.  It 
should  be  noted  that  for  the  group  II  orbits  near 
magneto-resonance,  increasing  the  amplitude  of  the 
wiggler  field  results  in  a  drastic  increase  of  the 
amplitude  of  the  bounce  oscillation  and  full  inter¬ 
ruption  of  the  bunch  transport  through  the  wiggler 
(Fig.  7). 

3.  Results 

The  superradiant  pulses  with  typical  duration 
300-500  ps  have  been  observed  for  both  (conven¬ 
tional  and  reverse)  directions  of  the  guide  magnetic 
field  and  correspondingly  for  both  groups  of 
steady-state  orbits.  The  oscillograms  of  microwave 
pulses  under  different  amplitudes  of  wiggler  field 


and  different  directions  of  guide  field  are  shown  in 
Fig.  5.  The  maximum  radiation  power  was  ob¬ 
tained  for  a  conventionally  directed  magnetic  field 
of  1.3  T.  This  result  can  be  explained  by  the  fact 
that  under  the  experimental  parameters  (see  Fig.  4) 
the  transverse  electron  velocity  for  the  conven¬ 
tional  magnetic  field  direction  exceeds  the  similar 
value  under  reverse  field.  The  optimal  amplitude  of 
the  wiggler  field  was  about  0.2  T.  For  higher  ampli¬ 
tude  magnetic  fields,  as  is  easily  seen  from  Fig.  6, 
considerable  losses  of  electron  current  passing 
through  the  wiggler  occurred.  As  follows  from  Fig. 
4  such  losses  can  be  explained  by  an  increase  of  the 
electrons  transverse  momentum  and  a  decrease  of 
the  longitudinal  momentum.  According  to  simula¬ 
tions  for  a  guide  magnetic  field  of  1.3  T,  when  the 
wiggler  field  exceeds  0.3  T,  the  electron  drift  velo¬ 
city  tends  to  zero  and  electrons  reflect  from  the 
wiggler  adiabatic  entrance. 

According  to  measurements  of  the  mode  pattern 
the  radiation  was  associated  with  excitation  of  the 


Fig.  5.  Examples  of  detected  millimetre-wave  pulses  for  both  the  conventional  and  the  reversed  guide  field  regimes  and  for  a  range  of 
wiggler  magnetic  field  values. 
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operating  mode  TE^.  The  spectrum  measurements 
using  cut-off  waveguides  and  metallic  grids  show 
good  agreement  with  the  frequency  which  is 
predicted  from  the  dispersion  diagram  (Fig.  2).  The 
radiation  frequency  was  approximately  28  GHz. 
Note  that  the  waveguide  diameter  9.8  mm  and  wig- 
gler  period  were  chosen  to  match  the  grazing  con¬ 
dition  for  the  operating  TEn  mode.  We  believe 
that  space  charge  effects  were  not  very  significant. 
Taking  into  account  the  reduction  of  the  space 
charge  force  caused  by  the  metallic  waveguide  walls 
we  estimate  a  longitudinal  plasma  frequency  fp  <  1 
GHz.  Therefore,  a  rather  small  shift  of  the  beam 
line  on  the  dispersion  diagram  can  be  associated 
with  space  charge.  As  this  shift  was  relatively  small 
the  influence  of  space  charge  on  the  experiment  can 
be  easily  compensated  by  adjustment  of  the  elec¬ 
tron  longitudinal  velocity  through  the  variation  of 
the  wiggler  field. 

As  follows  from  the  theoretical  considerations 
for  waveguide  propagation  of  radiation  there  are 
some  advantages  (like  increased  gain)  in  generation 
of  SR  pulses  under  grazing  conditions  when  the 
electron  bunch  velocity  coincides  with  the  electro¬ 
magnetic  wave  group  velocity.  It  should  be  noted 
that  even  under  exact  grazing  conditions  there  are 
some  factors  which  enable  the  electromagnetic 
radiation  to  escape  from  the  electron  bunch.  These 
include  the  effects  of  electronic  frequency  detuning 
caused  by  finite  electron  beam  density  as  well  as 
waveguide  dispersion.  For  cyclotron  SR  the  benefit 
of  operating  close  to  grazing  incidence  was  proven 
experimentally  (see  details  in  Refs.  [14,15]),  because 
in  that  case  it  was  possible  to  vary  the  operating 
frequency  around  the  point  corresponding  to  graz¬ 
ing  incidence  by  changing  the  magnetic  field  and 
hence  the  gyrofrequency.  In  the  case  of  emission  in 
a  wiggler  the  bounce  frequency  was  in  fact  deter¬ 
mined  by  the  wiggler  period  and  it  was  practically 
impossible  to  mismatch  the  system  from  the  graz¬ 
ing  condition  without  changing  the  electron  beam 
energy.  Therefore,  we  have  not  been  able  to  confirm 
experimentally  that  this  grazing  condition  is  the 
preferred  one  for  the  production  of  wiggler  SR. 

According  to  theoretical  analysis  [23],  under  the 
grazing  condition  for  a  short  electron  bunch, 
the  temporal  growth  rate  of  the  SR  instability  in  the 
reference  frame  moving  with  the  bunch  is  given  by 


_j _ i - 1 - 1 - *— 

0.1  0.2  0.3 


Fig.  6.  Transported  electron  beam  current  as  a  function  of  the 
magnitude  of  the  wiggler  magnetic  field. 
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where  I0  is  the  peak  current,  b  the  bunch  length, 
p±  the  transverse  velocity  in  the  wiggler  field  (see, 
Fig.  4),  x  =  (1  -  iPwIcfy112,  Jm  the  mth-order  Be¬ 
ssel  function,  m  is  the  azimuthal  mode  index,  v„  the 
nth  root  of  the  equation  J'Jy)  =  0,  R0  is  the  elec¬ 
tron  injection  radius  and  R  is  the  waveguide  radius. 
For  excitation  of  the  TEU  mode  by  a  bunch  of 
length  5  cm  and  current  200  A,  from  Eq.  (2)  we 
estimate  the  growth  rate  to  be  7  x  109s-1.  For  the 
growth  time  V  =  1/Im  cor  the  electron  bunch  will 
travel  a  distance  L  =  T'v\\X\\-  So  in  the  lab  frame 
the  spatial  gain  for  the  amplitude  of  the  radiation 
field  will  be  defined  by  the  relation  F  =  (Im  co')/ 
V\\X\\  ~  °-14  cm_1- 

Fig.  7  illustrates  the  experimental  dependence  of 
the  peak  power  on  the  length  of  the  interaction  of 
the  electron  pulse  with  the  wiggler  field.  It  is  obvi¬ 
ous  that  the  radiation  power  is  quite  small  for  short 
interaction  lengths  and  increases  exponentially  as 
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Fig.  7.  Peak  radiated  millimetre-wave  power  as  a  function  of  the 
length  of  the  wiggler’s  uniform  interaction  region  for  the  condi¬ 
tions  Bs  =  +  1.3  T  and  Bw  =  0.22  T. 


this  length  increases.  This  can  be  interpreted  as  the 
natural  level  of  spontaneous  emission  caused  by  the 
electron  density  fluctuations  as  well  as  the  radi¬ 
ation  from  the  front  edges  of  the  pulse  being  rela¬ 
tively  small,  while  the  observed  electromagnetic 
pulse  behaviour  is  related  with  the  development  of 
longitudinal  self-bunching  and  coherent  emission 
from  the  bunched  electron  pulse.  However,  the  ex¬ 
perimental  gain  is  2-3  times  smaller  than  the  theor¬ 
etical  prediction.  This  discrepancy  can  be  explained 
by  velocity  spread  as  well  as  space  charge  effects. 
The  observation  of  some  radiation  even  when  the 
length  of  the  homogeneous  section  of  the  wiggler 
tends  to  zero  is  considered  to  be  due  to  two  factors. 
Firstly,  there  is  some  magnetic  bremsstrahlung  pro¬ 
duced  from  the  tapered  sections  of  the  wiggler  and 
secondly,  even  in  the  absence  of  a  wiggler  field  there 
is  some  background  cyclotron  radiation  from  the 
electron  motion  in  the  uniform  guide  field. 
Fig.  7  also  shows  that  the  maximum  length  of  the 
homogeneous  part  of  the  wiggler  was  not  sufficient 
to  observe  the  nonlinear  saturation  regime.  For  the 
present  experimental  configuration  the  maximum 
power  of  the  SR  pulses  was  estimated  as  being  in 
the  range  100-200  kW. 


4.  Conclusion 

Note  in  conclusion  that  further  experiments  us¬ 
ing  longer  wigglers  are  planned  which  give  the 
possibility  of  achieving  saturation,  and  according 
to  simulations  will  result  in  the  emission  of  mega¬ 
watt,  sub-nanosecond,  microwave  pulses.  It  is  also 
interesting  to  compare  the  generation  of  super- 
radiant  pulses  in  wigglers  with  different  periods  to 
investigate  the  dependence  when  operating  near 
and  far  from  grazing  incidence.  Another  important 
problem  is  the  verification  of  scaling  laws  such  as 
the  dependence  of  peak  power  and  electromagnetic 
pulse  duration  on  electron  bunch  current  in  the 
high  gain  regime.  At  present  the  experimental 
equipment  does  not  allow  the  electron  bunch  cur¬ 
rent  to  be  changed  without  variation  of  the  electron 
energy,  which  is  typical  for  explosive  emission  cold 
cathodes.  Verification  of  scaling  laws  is  also  com¬ 
plicated  due  to  the  pulse-to-pulse  instability  of  the 
short  high  current  electron  pulse  generated  from 
such  a  cathode  when  operating  in  the  substantially 
nonstationary  sub-nanosecond  regime. 

Meanwhile  the  significance  of  the  new  experi¬ 
mental  results  reported  here  are  that  single  electron 
bunches  with  length  5-7  cm  passing  through  a  wig¬ 
gler  with  total  length  30  cm  radiated  coherent,  high 
power  300-500  ps  pulses  in  the  Ka  band.  Because 
generation  of  these  unique  short  duration  pulses 
was  shown  to  be  associated  with  self-bunching  we 
believe  these  results  should  be  interpreted  as  super¬ 
radiance.  This  conclusion  is  supported  by  theoret¬ 
ical  considerations  [23]  based  on  a  similar  model 
as  described  in  Refs.  [11,14]. 
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Abstract 

Time-frequency  study  of  oscillation  build-up  in  an  electrostatic  accelerator  free-electron  laser  (EA-FEL)  oscillator  is 
presented.  The  unique  features  of  EA-FEL  and  its  capacity  to  operate  in  a  long  pulse  mode,  enable  observation  and  study 
of  linear  and  non-linear  processes  taking  place  in  the  evolution  of  radiation  in  the  EA-FEL  oscillator.  The  experimental 
data  recorded  with  the  aid  of  a  digital  4  GS/s  fast  sampling  oscilloscope,  was  analyzed  using  various  signal  processing 
techniques  to  obtain  time-frequency  phase  space  presentation  of  the  power  spectral  density  evolution.  This  presentation 
make  it  possible  to  follow  the  radiation  field  coherence  evolution  from  noise  to  saturation  including  intermediate  stages 
of  mode  build-up  from  noise  and  competition  between  longitudinal  modes  until  single-mode  steady-state  operation  is 
established.  The  experimental  results  were  also  compared  with  the  results  of  a  FEL  oscillator  simulation  code.  The  code 
predicts  well  the  behavior  of  the  oscillator  in  its  various  regimes  of  operation.  ©  1999  Elsevier  Science  B.V.  All  rights 
reserved. 

Keywords:  Electrostatic  accelerator-free  electron  laser;  RF  detector 


1.  Introduction 

We  report  single  mode  and  multimode  opera¬ 
tion  of  an  electrostatic  accelerator  free  elec¬ 
tron  laser  (EA-FEL)  oscillator  using  an  internal 
cavity. 

The  FEL  is  based  on  the  6  MeV  Tandem  Van  de 
Graaff  accelerator  of  the  Weizman  Institute.  It  was 
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converted  into  a  high-current  electron  beam  accel¬ 
erator,  and  was  modified  so  as  to  enable  the  inser¬ 
tion  of  a  magnetostatic  wiggler  containing  a 
mm-wave  resonator  and  electron-optical  focusing 
elements  in  the  positively  charged  HV  terminal  (see 
Fig.  1)  [1,2].  The  FEL  is  presently  operating  in 
a  pulsed  mode  at  100  GHz.  Table  1  summarizes  the 
parameters  of  the  EA-FEL. 

Since  the  first  lasing  of  the  EA-FEL  [3],  we 
significantly  improved  the  current  control  of  the 
e-beam  and  the  experimental  instrumentation. 
These  improvements  enable  us  to  increase  the 
e-beam  current  through  the  wiggler  to  1  A  and  to 
analyze  the  spectral  components  of  the  FEL  radi¬ 
ation  as  function  of  time. 


0168-9002/99/$ -see  front  matter  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 
PII:  SOI  68-9002(99)00080-7 


III.  LONG  WAVELENGTH  FEL  EXP. 


102 


A.  Abramovich  et  al.  /  Nuclear  Instruments  and  Methods  in  Physics  Research  A  429  (1999)  101-106 


Table  1 

Parameters  of  the  tandem  FEL 


Accelerator: 

Electron  beam  energy 

Ek  =  1.4  MeV 

Beam  current 

J0  =  1.5  A 

Wiggler: 

Magnetic  induction 

B  =  2000  G 

Period  length 

2W  =  4.4  cm 

Number  of  periods 

o 

fN 

II 

S 

Waveguide  resonator: 

Curved  parallel  plate  resonator 

Mode 

TE01 

Total  reflectivity 

R  =  91% 

Resonator  length 

Lc  =  130.8  cm 

Quality  factor 

A  =  30,000 

2.  Experimental  setup 

Fig.  1  shows  the  layout  of  the  electron  beam  line 
along  the  FEL.  The  electron  optics  of  this  FEL  is 
based  on  a  straight  line  geometry  and  a  positive 
HV  terminal.  The  electron  injection  system  is  based 
on  a  43  kV  Pierce-type  e-gun  and  employs  focusing 
and  steering  coils  after  the  cathode.  The  parallel- 
flow  electron  gun  produces  a  high-quality  electron 
beam  (with  emittance  of  e„  =  Kk  mm  mrad  [2]), 
which  is  injected  to  the  acceleration  section.  The 


following  four  quadrupole  lenses  (Q1-Q4)  are  used 
to  control  the  e-beam  and  determine  optimal  en¬ 
trance  conditions  to  the  wiggler  [4].  The  wiggler 
and  the  mm-wave  resonator,  forming  the  FEL  in¬ 
teraction  region,  are  installed  inside  the  positively 
charged  high  voltage  terminal,  located  at  the  center 
of  the  tank  along  the  symmetry  axis.  The  quadru- 
poles  Q5,  Q6,  Q7  and  Q8  collimate  the  e-beam  into 
the  deceleration  section  prior  to  collection  by  a  de¬ 
pressed  collector,  which  provides  e-beam  energy 
recuperation.  Three  diagnostic  screens  SI,  S2 
and  S3  were  used  for  monitoring  of  the  e-beam 
transport. 

A  permanent  magnet  wiggler,  arranged  in  a  Hal- 
bach  planar  configuration  [5]  is  employed.  Two 
long  magnets  were  used,  one  on  each  side  of  the 
wiggler,  to  focus  the  e-beam  in  the  lateral  (wiggling) 
plane  by  means  of  a  lateral  magnetic  gradient 
which  they  produce  on  that  axis  [6].  The  RF  res¬ 
onator  utilizes  curved  parallel  plates  as  a  wave¬ 
guide  structure  and  has  two  quasioptical  Talbot 
effect  reflectors  (wave  splitters)  one  at  each  resona¬ 
tor  end,  which  enable  e-beam  passage  into  and  out 
of  the  resonator  [7,8].  This  type  of  resonator  is 
characterized  by  very  small  ohmic  and  total  radi¬ 
ation  losses  of  about  9%,  as  was  determined  in  Ref. 
[8]  by  loss  measurements  prior  to  the  installation 
of  the  resonator  in  the  HV  terminal. 
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3.  Experimental  results 

The  EA-FEL  was  operated  in  a  pulsed  mode, 
using  the  current  control  electrode  of  the  e-gun,  to 
produce  20  ps  duration  e-beam  pulses.  The  power 
and  spectral  evolution  of  the  radiation  build-up 
process  were  measured  with  the  aid  of  the  diagnos¬ 
tic  setup  shown  in  Fig.  2.  Power  measurements 
were  made  using  the  RF  detector.  Simultaneously, 
measurements  of  the  IF  signal  were  made,  using 
a  mixer  and  a  local  oscillator.  Oscilloscope  traces  of 
the  e-beam  currents,  RF  power,  and  high  voltage 
droop  are  shown  in  Fig.  3.  Trace  1  is  the  voltage 
droop  at  the  terminal  during  the  e-beam  pulse, 
trace  2  is  the  cathode  current  pulse,  trace  3  is  the 
power  measured  by  the  RF  detector,  and  trace  4  is 
the  e-beam  current  measured  at  the  wiggler  exit. 
The  measurements  show  that  the  high  voltage 
droop  during  an  e-beam  20  ps  pulse  is  about  22  kV. 
The  e-beam  current  transiting  the  wiggler  is  about 
1  A,  and  the  RF  output  power  is  about  8  kW.  The 
IF  signal  was  recorded  by  a  4  Gsample/s  digital 
oscilloscope  and  stored  and  processed  in  a  PC 
computer. 


4.  Analysis  and  simulation 

The  time-frequency  diagram  shown  in  Fig.  4 
includes  frequencies  obtained  by  mixing  the 
local  oscillator  with  the  exited  radiation  of  the 
longitudinal  modes.  Therefore,  the  intermediate 
frequency  (IF)  signal  consists  of  down  converted 


Fig.  2.  Experimental  setup  for  measuring  the  FEL  RF  power 
and  spectral  components  of  the  radiation. 


Fig.  3.  Experimental  measurements  of  high  voltage  droop  (trace  1),  E-beam  current  at  the  cathode  (trace  2),  output  radiation  power  of 
the  EA-FEL  (trace  3)  and  e-beam  current  after  interaction  region  (trace  4). 
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Fig.  4.  Spectral  analysis  of  the  IF  signal  for  single-mode  operation  at  99.981  GHz  (where  the  gray  scale  is  attenuation  in  dB  and  the 
maximum  peak  is  normalized  to  0  dB). 


longitudinal  mode  frequencies; 

/lFm  —  I/m  — /loI  (1) 

where /LO  is  the  local  oscillator  frequency,  fm  is  the 
eigen-frequency  of  the  FEL  oscillator  longitudinal 
mode  m  excited,  and  /IFm  is  the  down  converted  IF 
signal.  The  gray  scale  is  the  attenuation  in  dB  (the 
maximum  peak  was  normalized  to  0  dB).  The  spec¬ 
tral  analysis  shows  that  we  obtain  single-mode 
operation  at  an  eigenfrequency  of  99.981  GHz 
(marked  m0  in  Fig.  4).  Furthermore,  we  can  see 
evidence  of  mode  competition  between  longitudi¬ 
nal  modes  of  the  resonator  at  the  beginning  of  the 
radiation  build-up  process.  The  free-spectral  range 
(FSR)  between  the  eigen-frequencies  of  the  resona¬ 
tor  is  given  by 

A/fsr  =  vJ2Lc  «  1 12  MHz  (2) 

where  vg  is  the  group  velocity  of  the  electromag¬ 
netic  wave  and  Lc  is  the  resonator  length  [8].  The 
spectrum  shown  in  Fig.  4  is  obtained  by  subtracting 
the  local  oscillator  frequency  from  all  of  the  IF 
components.  Therefore,  some  of  the  components 
are  image  frequencies  of  the  exited  modes.  Using 
experimental  data  obtained  with  differing  local  os¬ 


cillator  frequencies  and  with  the  calculated  value  of 
A/fsr  we  prove  that  the  steady-state  single  fre¬ 
quency,  which  evolves  at  99.981  GHz  (marked  as 
m0  at  Fig.  4),  is  the  main  mode  eigenfrequency  of 
the  FEL  oscillator.  The  components  at  99.873  GHz 
is  the  m0  —  1  mode,  at  100.099  GHz  is  the  m0  4-  1 
mode  and  at  100.210GHz  is  the  m0  +  2  mode. 
Other  frequencies  shown  in  Fig.  4  are  the  image 
frequencies  resulting  from  mixing  of  the  m0  +  5, 
m0  +  6  and  m0  +  9  eigenfrequencies  of  the  FEL 
oscillator  which  are  at  100.547  GHz,  100.658  GHz 
and  100.983  GHz,  respectively. 

During  the  e-beam  pulse  the  voltage  droops  at 
the  terminal  by  22  kV  (see  Fig.  3),  which  causes  the 
small  signal  gain  curve  to  move  towards  lower 
frequencies.  Using  our  3D  simulation  code  FEL  3D 
[9,10],  the  small  signal  gain  of  the  FEL  is  cal¬ 
culated.  Fig.  5  shows  FEL  3D  simulation  code 
results  of  small  signal  gain  of  the  EA-FEL  for  two 
values  of  the  accelerating  voltage;  V  =  1.400  MV 
and  22  kV  lower  (V  —  1.378  MV),  which  corre¬ 
spond  to  the  voltatge  droop  in  our  experiment. 
The  simulation  results  show  that  the  frequency 
component  ra0  at  99.981  GHz  is  still  under  the  gain 
curve  even  after  the  voltage  drops  by  22  kV. 
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Fig.  5.  FEL  3D  simulation  code  results  for  small  signal  gain  in  two  cases  of  accelerating  voltages  1.4  and  1.378  MV  which  corresponds 
to  the  high  voltage  droop. 


Fig.  6.  Simulation  results  of  radiation  power  buildup  and  fre¬ 
quency  deviation. 


The  FEL  3D  code  was  also  used  to  simulate 
main  mode  radiation  build-up  from  noise  (spontan¬ 
eous  emission)  level  up  to  saturation.  The  initial 
spontaneous  emission  power  (of  the  main  mode) 
that  was  used  in  the  simulation  was  P™ode  =  1  pW. 
This  was  calculated  from  analytical  expression  [11] 
using  the  parameters  of  Table  1. 


Fig.  6  shows  simulation  results  of  power  evolu¬ 
tion  and  instantaneous  frequency  deviation  (from 
the  main  mode  frequency  as  a  function  of  time). 
Inspection  of  Fig.  6  reveals  that  a  transient  fre¬ 
quency  instability  occurs  as  the  oscillator  reaches 
the  non-linear  regime  and  enters  to  saturation.  This 
effect  was  also  observed  experimentally  as  shown  in 
Fig.  7  and  can  be  interpreted  as  a  relaxation  oscilla¬ 
tion  phenomenon  [12]. 
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Abstract 

We  present  simulations  results  and  experimental  evidence  of  radiation  energy  extraction  efficiency  enhancement  by  use 
of  pre-bunching  in  a  free  electron  maser  (FEM).  This  enhancement  is  attained  by  locking  the  oscillator  to  operate  at 
a  distinct  resonator  eigen  frequency  (longitudinal  mode)  which  is  different  from  the  maximum-gain  frequency  of  the  free 
running  oscillator.  The  mode  selection  is  accomplished  by  means  of  pre-bunching  at  the  desired  eigen  frequency.  It  was 
shown  that  maximum  extraction  efficiency  is  obtained  if  the  dominant  resonator  mode  (obtained  by  pre-bunching  at  that 
frequency)  is  the  one  having  the  lowest  eigen  frequency  under  the  net  gain  larger  than  unity  curve  (which  is  below  the 
maximum  gain  eigen-frequency  mode  that  would  normally  dominate  in  a  free  running  oscillator).  The  numerical 
simulations  predict  that  it  should  be  possible  to  obtain  a  basic  extraction  efficiency  enhancement  of  the  oscillator  of  50%. 
Experimental  results  so  far  have  shown  an  improvement  of  about  30%.  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Eigen  frequency;  Maser;  e-beam 


1.  Introduction 

Selection  and  operation  of  oscillators  at  a  desired 
frequency  by  using  seed  radiation  or  modulation  of 
the  e-beam  is  a  well-known  technique  for  enhanc¬ 
ing  the  build-up  process  and  for  avoiding  multi- 
mode  operation  in  microwave  tubes  and  in  FEMs 
[1-4].  Mode  locking  by  pre-bunching  is  different 
from  seed  radiation  since  no  RF  radiation  is  intro¬ 
duced  into  the  FEM  cavity.  Pre-bunching  of  the 
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e-beam  is  preferable  over  seed  radiation  injection 
into  the  cavity  because  pre-bunching  is  unidirec¬ 
tional  while  insertion  of  RF  seed  radiation  may 
cause  RF  outcoupling  from  the  cavity  and  thus 
increases  total  resonator  losses.  In  a  FEM  with 
a  resonator  there  are  several  longitudinal  modes 
(eigen  frequencies)  under  the  net  gain  larger  than 
one  curve  competing  with  each  other  and  deriving 
their  energy  from  the  e-beam,  until  the  mode 
having  the  highest  gain  wins  and  the  growth  of 
other  modes  is  suppressed.  Pre-bunching  of  the 
e-beam  provides  a  unique  handle  for  interfering  in 
the  mode  competition  process  by  injecting  an 
e-beam  prebunched  at  a  desired  eigen  frequency  of 
the  resonator.  This  interference  can  shorten  the 
mode  competition  process  time,  in  particular  if  the 
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pre-bunching  frequency  is  equal  to  one  of  the  eigen 
frequencies  of  the  FEM  resonator  that  satisfy  the 
oscillation  condition.  On  the  other  hand,  the  mode 
competition  process  can  become  longer  if  the 
pre-bunching  frequency  is  between  two  eigen  fre¬ 
quencies  of  the  FEM  resonator  that  satisfy  the 
oscillation  condition  [5].  In  this  work  we  present 
a  new  method  of  efficiency  enhancement  by  locking 
the  FEM  oscillator  to  an  eigen  frequency  having 
a  large  detuning  parameter  0 ,  which  enables  attain¬ 
ment  of  greater  energy  extraction  from  the  e-beam 
[6,7],  than  that  which  would  be  attained  if  the 
largest  gain  eigen  frequency  prevailed  at  saturation 
(as  in  a  free  running  FEM). 


2.  Experimental  setup 

The  experimental  setup  is  shown  in  Fig.  1.  The 
e-beam  passes  a  pre-bunching  region  which  is 
a  traveling  wave  tube  interaction  section  and  enters 
the  FEM  interaction  region,  which  is  a  waveguide 
resonator  located  inside  of  a  planar  magnetic  wig- 
gler.  As  we  reported  in  a  previous  publication  [3]  it 
is  possible  to  select  and  make  dominant  in  the 
resonator,  at  will,  any  one  of  the  5  eigenmodes  of 
the  FEL  oscillator  that  have  a  net  gain  greater  than 
unity.  This  is  accomplished  by  choosing  an  RF- 


buncher  frequency  close  to  the  desired  resonator 
eigen  frequency,  with  a  bunching  RF  power  input 
high  enough  to  give  the  desired  mode  a  sufficient 
head  start  in  the  mode  competition  process.  Several 
milliwatts  of  RF  input  to  the  buncher  were  sufficient 
to  select  a  desired  mode  and  win  the  mode  competi¬ 
tion  against  the  other  (possibly  higher  gain)  modes. 
The  process  always  resulted  in  single  mode  opera¬ 
tion.  A  radiation  diagnostic  system  described  in  Fig. 
1  was  used  to  sample  the  power  that  was  obtained  in 
each  selected  mode  and  in  order  to  verify  its  fre¬ 
quency  and  spectral  purity.  These  measurements 
were  repeated  for  each  mode  using  various  reflectivi¬ 
ties  of  the  resonator  output  coupler.  The  radiation 
was  coupled  out  through  a  hole  in  a  copper  plate 
placed  beyond  a  Teflon  window  at  the  end  of  the 
resonator  waveguide.  By  using  reflectors  with  differ¬ 
ent  holes  we  were  able  to  change  their  reflectivity 
from  60%  to  100%.  By  changing  the  reflectivity  we 
controle  the  7//trh  parameter  where,  I  is  the  e-beam 
current  and  7trh  is  the  oscillator  threshold  current  of 
the  FEM  [6,7].  An  RF  sampler  prior  to  the  load 
provides  information  on  power  evolution  with  time 
for  all  modes  existing  in  the  resonator. 

A  power  splitter  divides  the  sampled  power;  part 
of  it  is  fed  to  a  diode  detector  and  another  part  to 
a  mixer.  The  detector  output  and  the  IF  output  of 
the  mixer  are  monitored  and  recorded  with  the  aid 


e-gun 


Fig.  1.  Experimental  setup  of  the  FEM. 
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Table  1 

Parameters  of  the  Mini  FEM 


Accelerator. 

Electron  beam  energy 

Ek  =  70  keV 

Beam  current 

/0  -  0.9  A 

Wiggler : 

Magnetic  induction 

B  =  320  G 

Period  length 

Aw  =  4.44  cm 

Number  of  periods 

iVw=  17 

Waveguide  resonator : 

Rectangular  waveguide  cavity 

2.21  cm  x  4.75  cm 

Mode 

TE0i 

Frequency 

4.5  GHz 

Resonator  length 

Lc  =  138  cm 

Output  power 

P  =  3.5  KW 

of  a  fast  digital  scope.  The  fast  digital  scope  has 
a  1000  MHz  bandwidth  and  a  sample  rate  of 
4  Gsample/s.  These  scope  parameters  enable  simul¬ 
taneous  recording  of  5  longitudinal  modes  (which 
are  the  modes  that  satisfy  the  oscillation  condition 
[3]);  the  frequency  difference  between  adjacent 
modes  is  about  80  MHz  and  the  net  gain  greater 
than  unity  bandwidth  is  about  400  MHz  [3].  The 


main  operation  parameters  of  the  FEM  are  given  in 
Table  1. 


3.  Simulations,  experimental  results  and  discussion 

Simulations  of  FEM  operation  were  made  using 
the  FEL3D  code  developed  in  our  research  group 
[8,9].  Fig.  2  shows  simulation  results  of  efficiency 
for  each  of  our  FEM  for  the  five  resonator  modes 
having  a  net  gain  greater  than  one  as  a  function  of 
the  reflectivity  of  the  rear  reflector.  The  simulations 
predict  an  efficiency  of  about  10%  for  an  eigen 
frequency  of  4.302  GHz,  while  the  highest  gain 
eigen  frequency  of  4.466  GHz  (which  is  normally 
dominant  in  a  free  running  operation  of  the  FEM) 
has  an  expected  efficiency  below  7%.  These  results 
were  obtained  using  the  FEL3D  code,  which  was 
used  independently  for  each  of  the  net  gain  eigen 
frequencies  of  the  resonator. 

Pre-bunching  of  the  e-beam  (see  Fig.  1)  enables 
interference  in  the  mode  competition  process  and 
determines  which  of  the  five  longitudinal  modes  of 
the  resonator  will  become  dominant  in  FEM 
operation.  Fig.  3  shows  experimental  results  of  effi¬ 
ciency  enhancement  due  to  mode  selection  by 


Fig.  2.  Simulation  prediction  of  efficiency  for  the  five  net  gain  greater  than  one  eigen  frequencies  of  FEM. 
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Fig.  3.  Experimental  obtained  efficiency  for  each  of  the  five  eigen  frequencies  of  the  FEM  having  a  gain  greater  than  one  (modes  selected 
by  pre-bunching). 


pre-bunching  in  FEM  operation.  The  experimental 
results  show  clearly  a  higher  efficiency  for  the 
lowest  eigen-frequency  mode  (/  =  4.302  GHz)  for 
reflectivities  above  R  =  0.8  in  good  agreement  with 
the  simulation  results.  Under  these  conditions  the 
efficiency  is  about  8%  for  the  lowest  eigen  fre¬ 
quency  of  4.302  GHz;  it  is  about  5.5%  for  the  free 
running  mode  of  4.467  GHz.  For  reflectivities  be¬ 
low  R  =  0.8  the  lowest  eigen  frequency  did  not 
build-up  sufficiently,  probably  due  to  greater  out- 
coupling  loss  and  a  low  small  signal  gain. 

In  this  work  we  have  demonstrated  a  new 
method  of  significant  radiation  efficiency  enhance¬ 
ment  of  FEMs  by  mode  selection  via  pre-bunching 
of  the  e-beam.  The  experimental  set-up  enables  us 
to  select  the  mode  with  the  largest  detuning  para¬ 
meter  6  (out  of  the  5  modes  having  net  small  signal 
gain  greater  than  one).  Our  simulation  code 
FEL3D  predicts  that  this  mode  will  be  the  most 
efficient.  This  prediction  was  confirmed  by  our  ex¬ 
perimental  results  as  given  in  Fig.  3. 
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Abstract 

Among  the  studies  in  the  framework  of  high  gradient  linear  electron-positron  collider  research,  the  Two-Beam 
Accelerator  (TBA)  is  a  very  promising  concept,  and  two  projects  are  in  progress,  the  Compact  Linear  Collider  project  at 
CERN  (W.  Schnell,  Report  no.  CERN  SL/92-51  and  CLIC  note  184;  K.  Hiibner,  CERN/PS  92-43,  CLIC  note  176; 
S.  Van  der  Meer,  CERN/PS  89-50,  CLIC  note  97.)  and  the  Relativistic  Klystron-TBA  project  at  LBNL  (Technical 
Review  Committee,  International  Linear  Collider  Technical  Review  Committee  Report  1995,  SLAC-R-95-471, 1995).  In 
a  TBA  an  extremely  intense  low-energy  electron  beam,  called  the  drive  beam,  is  bunched  at  the  desired  operating 
frequency,  and  upon  passing  through  resonant  cavities  generates  radio-frequency  power  for  accelerating  the  main  beam. 
Among  the  different  approaches  to  the  production  of  a  suitable  drive  beam,  the  use  of  an  FEL  has  been  proposed  and  is 
under  active  study  at  CEA/CESTA.  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 


1.  Introduction 

Among  the  means  under  study  for  generating  the 
intense  bunched  drive  beam  needed  for  a  Two- 
Beam  Accelerator  (TBA)  design,  the  use  of  a  Free- 
Electron  Laser  (FEL)  has  been  proposed  by  Shay 
and  co-workers  at  Lawrence  Livermore  National 
Laboratory  (LLNL)  [1].  In  an  FEL,  the  electron 
beam,  initially  uniform  along  the  axis,  forms  small 
bunches  in  the  troughs  of  the  co-propagating  elec¬ 
tromagnetic  wave.  The  generation  of  high  output 
power  in  a  microwave  FEL  indicates  that  consider¬ 
able  bunching  of  the  electrons  has  indeed  taken 
place.  Direct  optical  evidence  for  this  bunching  has 
been  obtained  at  CEA/CESTA  in  the  amplifier 
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mode  at  35  GHz  [2-4]  and  also  in  the  SASE  mode 
[5].  In  Section  2,  we  describe  the  FEL  experiment 
which  uses  the  induction  accelerator  LELIA 
(2.2  MeV,  800  A).  Measurements  of  output  power 
and  frequency  have  been  performed  and  a  compari¬ 
son  with  a  numerical  calculation  is  given.  Section 
3  deals  with  electron  beam  bunching  analysis.  Op¬ 
tical  diagnostics  allow  us  to  study  the  bunching  as 
a  function  of  both  time  in  the  beam  current  pulse 
and  interaction  length.  A  suitable  adiabatic  exit  has 
been  developed  to  extract  the  bunched  beam  from 
the  wiggler  in  order  to  perform  the  experiment 
described  in  Section  4  to  test  resonant  RF-cavities 
at  35  GHz.  The  main  issues  are  beam  extraction 
from  the  wiggler,  beam  focusing  at  a  smaller  radius 
than  that  of  the  cavity  and  debunching  due  to  the 
combination  of  the  effects  of  longitudinal  space 
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charge  and  solenoidal  focusing.  The  last  part  of  the 
paper  is  devoted  to  the  proposal  which  extends 
the  present  work  to  a  higher  energy  by  using  the 
induction  accelerator  PIVAIR  (7  MeV,  3.5  kA),  as 
a  test  stand  for  high-power  RF  structure  experi¬ 
ments.  With  greater  electron  beam  energy  the  beam 
remains  bunched  over  long  distances,  allowing  us 
to  test  various  RF  components  of  the  two  TBA 
projects. 


2.  The  FEL  experiment 

Intense  emission  from  the  far  infrared  to  the 
millimetre  range  is  due  to  the  strong  electron 
bunching  which  appears  in  high-gain  FELs  which 
utilise  low  energy  but  very  intense  electron  beams 
(»1  MeV,  «  1000  A).  This  bunching  mechanism 
occurs  at  the  FEL  wavelength  so  that  electrons  are 
able  to  emit  radiation  in  phase  leading  to  higher 
peak  power  levels  [6].  At  CESTA  we  have  observed 
this  bunching  in  an  FEL  amplifier.  The  electron 
beam  is  produced  by  the  induction  linac  LELIA 
which  delivers  a  800  A,  2.2  MeV,  60  ns  electron 
beam  in  single-shot-operation.  After  exiting 
LELIA,  the  beam  is  transported  and  matched  into 
a  12-cm  period  helical  wiggler  where  it  amplifies 
a  co-propagating  35  GHz,  10  kW  electromagnetic 
wave  (EM)  generated  by  a  magnetron.  The  wiggler 
is  a  26-period  pulsed  bifilar  helix.  The  first  six 
periods  as  well  as  the  last  five  periods  are  strapped 
with  metallic  wires  in  order  to  obtain  adiabatic 
entry  and  exit  of  the  electron  beam.  Three  solenoids 
are  used  after  the  accelerator  exit  to  guide  and 
match  the  beam  in  the  wiggler  (i.e.  to  minimise 
betatron  oscillations).  The  experimental  setup  is 
shown  in  Fig.  1.  The  FEL  resonance  condition  at 
35  GHz  is  obtained  when  the  wiggler  magnetic  field 
amplitude  is  1100  G.  In  that  case  we  obtain  the  best 
amplification,  the  gain  is  exponential  and  the  FEL 
saturates  at  80  MW  after  20  periods  of  interaction. 
The  circles  in  Fig.  2  give  the  measured  power  as 
a  function  of  the  interaction  length.  To  obtain  these 
data  we  used  a  kicker  magnet  movable  along  the 
wiggler  in  order  to  stop  the  interaction  by  deflect¬ 
ing  the  beam  into  the  pipe.  The  solid  line  corres¬ 
ponds  to  numerical  results  obtained  with  the 
SOLITUDE  code  in  the  TElt  mode  [7].  Good 


Fig.  1.  Experimental  setup  showing  the  optical  diagnostic  for 
bunching  experiment. 

agreement  with  the  experiment  is  observed  because 
we  used  the  measured  electron  beam  initial  condi¬ 
tions  in  the  code.  The  FEL  frequency  is  equal  to  the 
magnetron  frequency  (35.04  GHz).  It  was  measured 
by  a  heterodyne  technique  in  which  the  FEL  out¬ 
put  signal  is  mixed  with  the  radiation  from  a  vari¬ 
able  frequency  of  34-36  GHz  local  oscillator  [8]. 

3.  Bunching  analysis 

In  order  to  measure  electron  beam  bunching,  we 
use  an  optical  diagnostic  based  on  the  Cherenkov 
emission  produced  by  the  electrons  when  they  are 
stopped  in  a  movable  fused-silica  target.  A  mechan¬ 
ical  system  under  vacuum  allows  us  to  place  the 
target  at  any  desired  position  in  the  60  mm-dia- 
meter  beam  pipe.  A  gated  camera  and  a  fast  streak 
camera  (2ps  resolution)  are  used  to  collect  and 
analyse  a  small  part  of  the  visible  Cherenkov  light. 
The  gated  camera  gives  the  beam  transverse  posi¬ 
tion  so  that  we  are  able  to  precisely  place  the  slit  of 
the  streak  camera  in  the  beam  spot.  Bunching  qual¬ 
ity  can  be  described  by  the  bunching  parameter  b , 
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Fig.  2.  Comparison  between  experimental  and  numerical  power 
growth  in  the  wiggler. 


which  is  defined  by  the  ratio  of  the  Fourier  com¬ 
ponent  at  35  GHz  of  the  current  profile  divided  by 
the  value  of  the  average.  Fig.  3  shows  the  best 
photograph  of  the  bunches  we  have  obtained.  They 
are  more  pronounced  than  in  the  first  experiment 
[1]  and  b  has  been  increased  from  0.2  to  0.5  as 
shown  in  Fig.  4,  thanks  to  a  higher  current 
propagating  inside  the  wiggler.  Measurements  as 
a  function  of  distance  inside  the  wiggler  have 
shown  bunching  is  maximum  just  before  the  FEL 
saturation,  as  expected  from  numerical  calculations 
[9].  The  adiabatic  exit,  where  the  wiggler  magnetic 
field  decreases  from  1100  G  to  zero,  begins  at  this 
location  and  the  beam  leaves  the  wiggler  close  to 
the  propagation  axis. 


4.  Test  of  RF-cavities 

The  transverse  momentum  acquired  by  electrons 
in  the  wiggler  is  lost  and  propagation  on  axis  is 
possible  behind  the  wiggler  if  an  external  force  is 
applied  to  compensate  the  defocusing  effects  of 
emittance  and  space  charge.  In  our  case  we  require 
the  beam  to  traverse  a  small  radio-frequency  (RF) 
cavity  located  as  close  as  possible  to  the  wiggler  exit 
to  minimise  the  longitudinal  space  charge  effects 
which  rapidly  debunch  the  beam  as  it  propagates 
downstream.  Fig.  5  gives  the  experimental  config¬ 
uration  we  have  adopted  where  a  solenoid  has  been 
inserted  to  produce  a  small  waist  at  the  cavity 
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Fig.  3.  Example  of  a  streak  camera  image  showing  14  bunches 
at  35  GHz. 
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Fig.  4.  Comparison  between  bunching  measurements  in  the  two 
amplifier  experiments. 


location.  A  PARMELA1  calculation  has  shown  the 
beam  remains  bunched  while  passing  through  the 
cavity. 

Two  kinds  of  cavities  are  considered.  The  first 
has  no  output  port  (see  Fig.  6)  and  acts  as  a  re- 
buncher  if  it  is  slightly  detuned  from  the  driving 
35  GHz  frequency.  Detuning  can  be  obtained  and 
adjusted  by  placing  rings  of  different  thickness  in¬ 
side  the  cavity  resulting  in  a  variation  of  its  internal 
radius.  Optical  measurements  will  be  performed  to 
analyse  the  effects  of  the  beam-cavity  interaction  on 
the  longitudinal  profile  of  the  electron  beam.  A  ma¬ 
jor  challenge  is  to  propagate  and  to  focus  the  beam 
in  such  a  small  cavity  inside  a  beam  pipe  whose 
diameter  decreases  from  60  to  only  4  mm  at  the 


1  PARMELA  is  a  transport  code  written  and  maintained  by 
the  Los  Alamos  National  Laboratory  Accelerator  Code  Group. 
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Fig.  5.  Detail  of  the  end  of  the  experimental  line  which  shows 
the  end  of  the  wiggler  at  left,  the  focusing  solenoid,  the  idler 
cavity  and  the  movable  silica  target. 


Fig.  6.  Drawing  of  the  idler  cavity  showing  in  detail  the  mecha¬ 
nism  used  to  change  internal  rings. 

cavity  position.  The  second  kind  of  cavity  has  one 
output  port  to  a  standard  Ka-band  waveguide  in 
order  to  extract  electromagnetic  power.  We  plan  to 
test  both  a  low-0  cavity  and  a  medium-0  cavity. 
They  differ  mainly  by  the  size  of  the  aperture  be¬ 
tween  the  cavity  itself  and  the  output  waveguide. 
Calculations  have  been  made  with  the  GDFIDL 
code  [10]  and  an  example  of  the  mesh  used  is  given 
in  Fig.  7.  About  200  MW  of  output  power  is  ex¬ 
pected  for  an  800  A  electron  beam  current  with 
a  bunching  parameter  b  =  0.5.  Measurements  of 
frequency  and  phase  of  the  output  signal  will  be 
performed  and  compared  with  those  of  the  FEL. 

5.  Future  experiment 

To  improve  the  experiment,  we  need  a  higher- 
energy  electron  beam.  The  higher  the  energy,  the 


Fig.  7.  Example  of  the  mesh  used  for  the  open  cavity  calcu¬ 
lations  with  the  GDFIDL  code. 

lower  the  effects  of  longitudinal  space  charge  de- 
focusing.  We  have  recently  proposed  [11]  to  use 
the  PIYAIR  facility  at  CESTA  as  a  microwave 
FEL-buncher.  PIVAIR  is  a  single  shot  induction 
linac  developed  for  radiographic  applications. 
A  3.5  k A  electron  beam  is  extracted  from  a  velvet 
cathode  and  is  accelerated  up  to  7.2  MeV.  The 
energy  spread  of  the  beam  is  much  less  than  the 
LELIA  machine  (0.5%  for  50  ns)  and  the  nor¬ 
malised  emittance  is  1000  n  mm  mrad.  The  FEL 
calculations  done  with  the  code  SOLITUDE  have 
shown  that  for  a  1  kA  beam,  about  1  GW  of  RF 
power  at  35  GHz  is  expected  with  a  6  m-long  pul¬ 
sed  helical  wiggler  with  a  period  of  20  cm  and 
a  wiggler  field  of  1900  G.  The  shot-to-shot  repro¬ 
ducibility  of  PIVAIR  is  excellent  and  it  will  allow 
us  to  perform  FEL  experiments  at  high  power 
levels  not  only  in  the  present  application  but  also 
for  FEL  physics  studies  in  SASE  [12]. 


6.  Conclusion 

We  have  presented  the  recent  results  of  the 
CESTA-FEL  experiment.  The  main  application 
concerns  TBA  research  where  our  induction  linac- 
based  FEL  is  used  to  produce  an  intense  bunched 
electron  beam  to  test  high-frequency  RF  cavities. 
We  are  now  optimising  beam  extraction  from  the 
wiggler  and  beam  transport  to  the  cavity  location. 
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This  experiment  will  be  upgraded  in  the  future  by 
using  the  more  powerful  electron  beam  produced 
by  the  PIVAIR  induction  linac.  Simulations  have 
shown  that  the  high  quality  bunched  beam  produc¬ 
ed  by  a  new  wiggler  will  propagate  far  enough  to 
provide  a  test  bench  for  various  components  of  the 
TBA  projects.  It  is  important  both  for  the  CLIC 
and  the  Relativistic  Klystron-TBA  (RKTBA)  pro¬ 
jects  where  the  production  of  power  at  high  fre¬ 
quency  as  well  as  knowledge  about  breakdown 
limits  are  of  prime  importance. 
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Abstract 

Due  to  the  nature  of  the  Coaxial  Hybrid  Iron  wiggler,  a  resonance  between  the  transverse  wiggler  and  cyclotron 
motions  of  the  beam  exists  which  can  enhance  the  Free-Electron  Maser  interaction.  The  difference  in  behavior  on  either 
side  of  this  resonance  is  presented.  Amplification  with  a  bandwidth  on  the  order  of  a  few  percent  was  achieved.  In  spite  of 
beam  propagation  problems,  the  gain  was  about  5  dB  for  operation  below  gyroresonance,  and  7  dB  above  it,  when 
wideband  grazing  intersection  operation  was  achieved.  A  gain  as  high  as  13.5  dB  was  obtained  for  cutting  intersection 
between  the  beam  line  and  the  TE01  dispersion  curve.  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  41.60.Cr 

Keywords:  Coaxial;  Wiggler;  Microwaves;  Free-electron  maser;  Small-period  wigglers 


while  maintaining  the  ability  to  operate  at  high 
frequencies  and  power  levels.  The  Ka-band  Free- 
Electron  Maser  (FEM),  with  g/Aw  >1  {g  is  the 
coaxial  wiggler  gap  width  and  Aw  the  period), 
demonstrates  the  operation  of  this  wiggler  config¬ 
uration  and  its  potential  for  applications  to  higher- 
frequency  devices. 


2.  Experimental  setup 

The  FEM  amplifier  consists  of  three  main  sub¬ 
systems:  the  interaction  area,  the  electron  beam  and 
the  rf  circuit.  The  interaction  area  is  made  up  of 
a  CHI  wiggler  with  =  6.4  mm,  a  60  Aw  uniform 

01 68-9002/99/$ -see  front  matter  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

The  free-electron  laser  interaction  provides  the 
possibility  for  high-power,  high-frequency  radi¬ 
ation  sources,  although  almost  always  coupled  with 
the  need  for  high-voltage  operation.  The  Coaxial 
Hybrid  Iron  (CHI)  wiggler  [1-5]  configuration 
overcomes  this  obstacle  by  allowing  the  use  of 
short  periods  and  gap  spacings  while  maintaining 
excellent  beam  focusing  properties  and  high  mag¬ 
netic  fields.  This  reduces  the  overall  system  size 
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section  and  a  coaxial  gap  width  of  1.09  2W.  The 
electron  beam  is  formed  in  a  thermionic  hollow- 
cathode  diode,  with  design  voltage  and  current  of 
100  kV  and  10  A,  respectively.  This  beam  is  col¬ 
lected  immediately  after  traversing  the  wiggler,  on 
the  outer  walls  of  a  coaxial  drift  tube.  The  rf  is 
coupled  in  at  a  point  between  the  electron  gun  and 
the  wiggler,  using  a  novel  wideband  TE0X  outer 
coaxial  to  TE0i  inner  coaxial  mode  coupler.  A  sim¬ 
ilar  design  is  used  to  monitor  approximately  25% 
of  the  power  after  the  interaction,  while  the  rest  of 
the  rf  is  dumped  into  a  water  load/calorimeter.  The 
inner  coaxial  section  of  the  wiggler  is  held  concen¬ 
trically  (the  device  is  mounted  horizontally)  by 
three  sets  of  three  tungsten  'spokes’  each,  at  differ¬ 
ent  axial  positions  along  the  FEM. 

Two  DC  breaks  with  accompanying  current 
monitors  were  used  to  determine  the  fraction  of  the 
beam  which  makes  it  from  the  gun  to  the  wiggler 
and  from  there  to  the  collector.  A  misalignment  in 
the  magnetic  axis  of  the  electron  gun  and  that  of  the 
interaction  region  is  believed  to  be  the  cause  of 
serious  beam  propagation  problems  experienced 
during  the  experiment.  Only  about  10%  of  the 
beam  making  it  to  the  wiggler  reached  the  collector 
in  a  typical  measurement.  RF  amplification  was 
nevertheless  achieved.  (A  measurement  of  the  beam 
quality  from  the  gun  alone  was  not  performed,  and 
therefore  cathode  emission  problems  cannot  be 
completely  ruled  out.) 

The  voltage  pulse  applied  has  a  FWHM  of 
2.4  ps.  The  1  ps  input  rf  pulse  was  timed  such  that 
it  coincided  with  the  flatter  section  of  the  voltage 
pulse.  Our  setup  allowed  the  detailed  study  of  the 
dependence  of  the  rf  output  pulse  shape  on  the 
variations  in  the  voltage  pulse. 


3.  Experimental  results 

A  transition  (or  gyroresonant)  field  By  can  be 
defined  in  terms  of  the  original  energy  of  the  beam, 
y,  the  axial  velocity  of  the  beam,  /?z,  and  kw  =  2tc/Xw. 
This  field, 

2 

Bt  =  —  yftfc.  (1) 

e 


is  that  for  which  the  wiggler  motion  and  the  cyclo¬ 
tron  motion  of  the  beam  are  resonant.  Operation 
below  and  above  this  value  is  termed  Group  I  and 
Group  II  operation,  respectively.  The  dependence 
of  By  on  pz  demonstrates  how  its  value  is  not 
constant  but  rather  varies  dynamically  during  the 
interaction. 

RF  amplification  of  Group  I  orbits  was  achieved 
at  0.76  By.  The  output  rf  pulse  shape  varied  with 
voltage,  as  expected,  but  was  not  overly  sensitive. 
Varying  the  input  power  from  0  to  1.2  kW  resulted 
in  a  gain  of  approximately  4  dB  for  all  these  values, 
as  shown  in  Fig.  1.  The  uncertainty  in  the  measured 
gain  values  is  on  the  order  of  the  size  of  the  symbols 
used  in  the  figure.  The  beam  voltage  in  this  case  was 
113.1  kV,  the  current  reaching  the  collector,  7C, 
was  1.9  A,  and  the  estimated  a  =  i’transverseA’axiai  was 
0.39.  This  value  of  a  was  obtained  by  assuming 
a  grazing  intersection  of  the  uncoupled  TE0i 
coaxial  mode  dispersion  curve  and  the  CHI  beam 
line,  a  safe  assumption  due  to  the  mode  selectivity 
of  the  output  rf  monitor.  This  high  a  indicates 
a  large  amount  of  axial  energy  of  the  beam  is  being 
coupled  to  transverse  motion  before  entering  the 
wiggler.  This  is  supported  by  comparison  of 
measurements  of  gain  as  a  function  of  frequency 
against  a  simulation  (performed  on  CHIFEL  [3]), 
as  shown  in  Fig.  2,  where  the  simulation  is  shown  as 
a  solid  line.  Both  agree  fairly  well  on  the  low- 
frequency  side.  The  high-frequency  discrepancy  is 
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Fig.  1.  Gain  as  a  function  of  input  power  for  B0  =  8.5  kG  and 
Vb  =  113.1  ±  0.9  kV  (/„  =  1.9  ±  0.1  A). 
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Fig.  2.  Gain  as  a  function  of  drive  frequency  in  Group 
I  {B0  =  8.5  kG,  Vb  =  116.3  ±  0.7  kV,  Ic  =  2.05  ±  0.06  A).  Points 
are  measured  values,  and  the  solid  line  is  from  CHIFEL  simula¬ 
tions  (details  in  text). 

believed  to  be  due  to  reflections  in  the  rf  circuit 
caused  by  limitations  of  the  output  rf  monitor.  In 
the  simulation,  the  maximum  beam  width  was 
chosen  such  that  all  of  the  2.1  A  (as  in  the  experi¬ 
ment)  makes  it  through  the  interaction  region.  For 
interaction  to  occur  in  the  simulation,  the  voltage 
had  to  be  lowered  to  102  kV,  from  the  116.3  kV 
used  in  the  experiment,  indicating  again  that  a  large 
fraction  of  the  beam  energy  is  turned  into  trans¬ 
verse  motion  prior  to  entering  the  wiggler.  This  is 
believed  to  be  a  result  of  the  magnetic  axis  mis¬ 
alignment  mentioned  previously. 

Group  II  operation  was  also  achieved  at  1.1  BT. 
The  output  rf  pulse  was  in  this  case  much  more 
sensitive  to  slight  variations  in  voltage.  This  is  due 
to  the  proximity  to  BT,  as  a  variation  in  axial 
velocity  causes  a  variation  in  f?T,  which  in  turn 
causes  a  quite  drastic  change  in  a.  The  gain  mea¬ 
sured  as  a  function  of  input  power  in  this  case  was 
from  5  to  7  dB  in  the  range  from  0  to  1.2  kW  input 
power  and  is  shown  in  Fig.  3.The  bandwidth  for 
this  case  was  about  5%  and  centered  about 
35  GHz.  This  is  shown  in  Fig.  4.  A  simulation  such 
as  the  one  performed  for  Group  I  orbits  was  not 
obtained  for  operation  above  gyroresonance.  Pre¬ 
liminary  calculations  did  not  show  the  same  kind  of 
agreement,  but  further  studies  are  necessary  as  far 
as  the  cause  for  this  disagreement  is  concerned. 

A  map  of  the  observed  behavior  of  the  amplified 
rf  pulse  as  a  function  of  voltage  and  applied  field  is 
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Fig.  3.  Gain  as  a  function  of  input  power  for  B0  =  12.5  kG  and 
Vh  =  119.7  +  0.4  kV  (7C  =  1.69  +  0.07  A). 
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Fig.  4.  Gain  as  a  function  of  drive  frequency  in  Group  II 
(. B0  =  12.0  kG,  Vb  =  114.5  ±  0.5  kV,  /c  =  2.17  ±  0.08  A). 


shown  in  Fig.  5.  The  beam  voltage  was  swept  be¬ 
tween  67  and  140  kV  for  various  values  of  the 
applied  solenoidal  fields  (from  8.5  to  10.5  kG).  The 
gyroresonant  field,  BT ,  varies  with  axial  velocity, 
and  therefore  depends  on  the  beam  voltage  and  the 
beam  a.  As  seen  in  Eq.  (1),  it  increases  with  increas¬ 
ing  axial  velocity.  As  one  moves  towards  the  upper 
left-hand  corner  of  the  figure,  with  low  fields  and 
high  voltages,  one  moves  below  gyroresonance. 
The  opposite  is  the  case  towards  the  lower  right- 
hand  corner,  with  high  fields  and  low  voltages.  The 
behavior  of  the  output  rf  pulse  as  a  function  of 
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Fig.  5.  Map  of  amplified  rf  pulse  behavior  when  varying  voltage  at  various  solenoidal  fields.  Shown  are  points  where  ‘rabbit  ears’  appear 
(boxes),  points  where  they  coalesce  and  take  over  flat  top  of  pulse  (solid  diamonds),  and  other  spurious  oscillations  (stars  and  solid  dots). 
Operating  points  where  amplification  was  achieved  are  represented  by  the  text  T  and  ‘II’  for  Groups  I  and  II,  respectively.  Triangles 
represent  the  BT  values  calculated  for  these  cases. 
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voltage  was  similar  for  different  fields,  although 
shifted  in  voltage.  The  different  types  of  behavior 
encountered  are  distinguished  in  Fig.  5  by  different 
symbols.  The  points  where  stable  amplification  was 
achieved  are  indicated  on  the  figure  by  the  labels  T 
and  TF,  for  Group  I  and  II  operation,  respectively. 
The  triangles  represent  BT  values  for  these  operat¬ 
ing  points.  The  solid  diamonds  represent  points 
where  a  major  oscillation  dominated  the  rf  pulse, 
beginning  usually  with  ‘rabbit  ears’  appearing  on 
the  outside  of  the  pulse  at  higher  voltages  and 
moving  inward  toward  the  center  of  the  pulse  as  the 
voltage  is  lowered.  The  boxes  represent  the  voltages 
at  which  these  rabbit  ears  appeared.  The  stars  and 
solid  dots  instead  represent  oscillations  which  only 
occur  on  the  flat  part  of  the  pulse  and  exist  only  for 
a  certain  voltage.  There  is  a  central  region  where 
the  oscillations  die  down  and  amplification  is  pos¬ 
sible  (Group  I),  though  this  region  does  seem  to  get 
narrower  (in  voltage)  as  the  interaction  field  is 
increased.  The  stars  indicate  cyclotron  resonance 
oscillation  points. 

The  rabbit  ears  can  be  understood  as  follows. 
During  a  voltage  pulse,  the  beam  goes  through 
gyroresonance  twice  if  the  parameters  are  set  for 


Group  I  orbits.  At  low  voltages,  during  the  rise  of 
the  pulse,  the  beam  starts  out  in  Group  II.  As  the 
voltage  increases,  the  transition  field  moves  up  to 
and  through  the  operating  point,  the  orbits  become 
Group  I.  The  reverse  process  takes  place  during  the 
fall  of  the  voltage  pulse.  The  rabbit  ears  become 
more  noticeable  as  the  magnetic  field  is  increased 
because  they  occur  at  a  higher  point  on  the  pulse 
where  there  is  more  current  present. 

A  linear  gyrotron  oscillator  start  current  code 
[6]  was  used  to  determine  the  validity  of  the  values 
for  a  and  beam  axial  spread  chosen  for  a  current 
within  the  possible  bounds.  Many  of  the  para¬ 
meters  used  are  unknown,  such  as  the  interaction 
length,  the  guiding  center  radius,  and  the  velocity 
spread,  but  it  was  found  that  it  is  possible  to  start 
gyrotron  oscillation  at  values  of  a  and  magnetic 
fields  as  expected  from  the  uncoupled  dispersion 
curves.  Varying  the  cavity  length  in  the  simulations 
causes  oscillation  at  various  frequencies,  which 
agrees  with  the  observed  spectrum  (oscillations 
throughout  the  band). 

The  higher  voltage  oscillations  (the  solid  dots  in 
the  figure)  are  not  completely  understood  at  this 
time,  though  it  is  believed  they  may  represent  an 
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interaction  with  the  TE12  mode,  which  somehow  is 
either  getting  coupled  out  or  affecting  the  TE0i 
mode  coupling. 


4.  Conclusion 

Operation  of  the  first  FEM  amplifier  utilizing 
a  CHI-wiggler  configuration  has  been  demon¬ 
strated,  with  a  gap  to  wiggler  period  ratio  in  excess 
of  one.  The  dependence  of  the  output  rf  on  the 
voltage  has  been  studied  on  either  side  of  gyro- 
resonance,  approaching  to  within  10%  of  it  on  the 
Group  II  side.  It  was  found  that  operation  is  lim¬ 
ited  by  cyclotron  oscillations  on  Group  I,  and  by 
high  sensitivity  to  voltage  on  Group  II.  In  con¬ 
clusion,  in  spite  of  beam  propagation  problems,  the 
CHI  wiggler  displays  exceptional  potential  for 
higher  frequency  operation. 
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Abstract 

To  operate  at  harmonics  of  the  bounce-frequency  in  the  JINR-IAP  FEM-oscillator  driven  by  the  LIU-3000  linac 
(JINR,  Dubna)  we  propose  using  a  large  electron  orbit  regime.  In  this  regime  a  thin  axial  beam  moving  in  a  helical 
wiggler  with  an  axially  guided  magnetic  field  excites  at  the  nth  bounce  harmonic  only  the  waveguide  mode  with  the  same 
azimuthal  index.  For  effective  FEM  operation  in  this  regime,  the  radius  of  electron  orbit  should  be  comparable  with  the 
transverse  inhomogeneity  of  the  resonant  wave.  A  75  GHz  FEM  project  for  operation  at  the  second  harmonic  of  the 
bounce-frequency  is  presented.  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Free-electron  lasers  and  masers;  Powerful  millimeter  and  submillimeter  radiation;  High  harmonics  operation 


1.  Introduction 

An  FEM-oscillator  with  a  Bragg  resonator  and 
a  reversed  guide  magnetic  field  was  studied  both 
theoretically  and  experimentally  in  collaboration 
between  JINR  (Dubna)  and  IAP  RAS  (N.  Nov¬ 
gorod)  during  the  last  few  years  [1,2].  In  these 
experiments  a  thin  solid  electron  beam  was  gener¬ 
ated  by  the  LIU-3000  linac  (1  MV/200  A/200  ns) 
(JINR,  Dubna).  This  magnetically  guided  beam 
was  axially  injected  into  a  helical  wiggler,  where  the 
operating  transverse  velocity  was  produced  in 
a  tapered  wiggler  section.  The  interaction  between 
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the  electrons,  oscillating  in  regular  wiggler  section 
with  the  bounce-frequency  Qb  =  2nv\\/d,  and  TEM 
mode  of  a  circular  waveguide  was  provided  at  the 
fundamental  harmonic  (n  =  1)  of  the  bounce-fre¬ 
quency  under  the  resonance  condition 

co  —  hv  ||  —  nQh.  (1) 

As  a  result  of  the  experiments  in  the  wiggler  of 
period  d  =  6  cm  at  the  frequency  of  31  GHz,  an 
output  power  of  37  MW  and  an  efficiency  of  26% 
were  obtained  [1,2]. 

The  radiation  frequency  in  the  FEM  can  be  in¬ 
creased,  in  principal,  using  a  wiggler  with  a  shorter 
period.  However,  in  practice,  such  a  possibility  is 
rather  restricted  because  of  wiggler  overheating, 
probability  of  breakdown,  etc.  Note  also  that  a  de¬ 
crease  in  the  wiggler  period  leads  to  an  increase  in 
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the  transverse  inhomogeneity  of  the  wiggler  field. 
This  results  in  an  increase  in  the  velocity  spread 
that  the  beam  electrons  obtain  in  the  wiggler  and, 
thus,  a  drop  in  the  FEM  efficiency. 

An  attractive  way  to  increase  the  radiation  fre¬ 
quency  while  maintaining  the  geometrical  para¬ 
meters  of  the  electron-optical  system  is  to  use  FEM 
operation  at  harmonics  of  the  bounce-frequency 
[3,4].  This  allows  operation  at  a  radiation  fre¬ 
quency  n  time  higher  than  the  fundamental  har¬ 
monic  frequency.  Moreover,  a  thin  axially  injected 
beam  will  excite  at  the  nth  harmonic  only  that 
waveguide  mode  with  the  azimuthal  index  m  —  n . 
Thus,  a  discrimination  of  excitation  of  “parasitic” 
waveguide  modes  takes  place.  The  suggested  selec¬ 
tive  mechanism  is  similar  to  the  one  used  in  the 
so-called  Large  Orbit  Gyrotrons  [5,6]. 


2.  Main  equations 

Let  us  investigate  the  energy  extraction  from 
a  thin  solid  electron  beam  moving  in  a  regular 
wiggler  section  along  a  helical  trajectory  with 
a  transverse  velocity  and  an  orbit  radius 
aL  =  vJQh.  The  interaction  between  the  beam  and 
the  TEm  k  mode  of  a  circular  waveguide  at  the 
resonance  condition  (1)  may  be  described  by  the 
following  system  of  average  equations: 

dE  _ 
dz 

Re{(-ir^0  -  Jm-n(xlR)e(n-mYFJ'm(K1ax)ci0\ 


^  =  —  (co  -  nQh)  -  h  (2b) 

dz  V|, 

where  E  =  ymc2  is  the  electron  energy, 
0  =  cot  —  hz  —  nQht  is  the  phase  with  respect  to 
the  resonant  wave,  A0  is  the  amplitude  of  the  reson¬ 
ant  wave,  k±  =  ■s/co2/c2  —  h2  is  the  transverse 
wavenumber  of  the  resonant  wave,  (R ;  W)  are  the 
polar  coordinate  of  the  beam  injection,  Js(x)  is 
the  Bessel  function  of  order  s  and  J'  =  dJs/dx. 
The  boundary  conditions  for  a  monoenergetic, 


unmodulated  beam  have  the  form 

E\z=0  =  Eo,  6>|z=o  =  0oe[O,27i).  (3) 

The  term  Jm-n(K±R)  in  Eq.  (2a)  describes  the 
mode  selection  mechanism  discussed  above. 
Clearly,  in  the  case  of  axial  beam  injection  R  =  0 
only  an  interaction  with  the  waveguide  mode  hav¬ 
ing  the  azimuthal  index  equal  to  the  harmonic 
number  (i.e.  m  =  n)  is  possible.  For  this  case  we 
reduce  Eqs.  ((2a)  and  b)  to  the  form 

d u  .  ^  dO  . 

—  =  sin <9,  —  =  A  +  u  sign  p.  (4) 

dZ  dZ 


Here  the  following  dimensionless  variables  are 
used:  Z  =  hz^/aspp,  u  =  (1  -  y/y0)^J p/ccsp,  p  = 
d/?j \1/dy  is  the  inertial  bunching  parameter  [7-9], 
A  =  [flphjSjtftt  -  nQh/co)  -  1  V^ZpP  is  the  initial 
mismatch  from  the  synchronism,  ots  =  eA0/y0hmc 2, 
P  =  JniKyaJPjJP  ||  is  the  electron- wave  coupling 
coefficient.  Electron  efficiency  in  the  new  variables 
is  given  as 


n  = 


r  2% 


n  = 


2k 


u  d&0. 


(5) 


The  maximum  in  the  normalized  efficiency 
fj max  =  1-37  is  achieved  with  Aopt  =  -  1.3  sign  p 
and  Lopt  =  3.9.  The  starting  current  of  the  oscilla¬ 
tion  is 


me 3  y0 SN 
e  nl2Qpp2 


(6) 


where  S  =  nD2/4  is  the  waveguide  cross-section, 
/  is  the  interaction  length,  N  =  (1  —  4m2 !k\D2) 
x  Jmi* x.E/2)  is  the  wave  norm  and  Q  is  the  Q -factor 
of  the  resonator. 

Under  the  condition  K1a1«l  the  electron- wave 
coupling  coefficients  p  «  (K±a1)n~1p±/2npi\(n  —  1)! 
decrease  very  rapidly  with  an  increase  of  the  har¬ 
monic  number.  This  results  in  a  significant  increase 
in  the  starting  current  (6)  and  a  decrease  in  the 
efficiency  (5).  At  the  same  time,  an  effective  interac¬ 
tion  is  possible  under  the  condition  K±a±  ~  1,  i.e. 
when  the  radius  of  electron  orbit  is  comparable 
with  the  transverse  inhomogeneity  of  the  resonant 
wave.  Thus,  for  FEM  operation  at  high  harmonics, 
an  increase  in  the  radius  of  the  electron  orbit  is 
needed. 
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The  radius  of  the  electron  orbit  in  a  helical  wig-  field  configuration  at  fundamental  bounce-fre- 
gler  versus  the  strength  of  the  guide  magnetic  field  quency  harmonic  permit  us  to  expect  a  rather  high 

is  presented  in  Fig.  1.  For  effective  operation  at  the  efficiency  for  FEM  operation  at  higher  harmonics 

bounce-frequency  harmonics  with  the  parameters  as  well, 
of  the  experiments  [1,2]  an  electron  orbit  radius 
a_ i  «  0.2-0.3  is  required.  It  can  be  achieved  with 

a  so-called  reversed  guide  magnetic  field  (marked  3.  Project  of  4  mm  FEM  operated  at  second 
by  the  sign  in  Fig.  1)  [10,11],  where  the  cyclo-  harmonic 

tron  rotation  of  the  beam  electrons  and  the  rota¬ 
tion  imposed  by  the  helical  wiggler  have  opposite  Using  the  theoretical  consideration  carried  out 

directions.  In  this  case,  the  radius  of  the  electron  above  let  us  estimate  the  possibility  of  constructing 

orbit  in  the  wiggler  may  be  approximated  as  [7-9]  a  75  GHz  FEL  operating  at  the  second  bounce- 

frequency  harmonic  using  the  LIU-3000  linac.  The 
_  eHwd  helical  wiggler  of  period  6  cm  and  wiggler  field 

U±  ~  2nymc(coH  +  £2b)  '  amplitude  of  0.1-0.15  T  will  drive  the  operating 

transverse  velocity  p± « 0.2-0.3.  For  the  thin 
A  theoretical  analysis  shows  [2,12]  that  FEM  oper-  axially  injected  beam  the  radius  of  the  electron 

ating  regimes  far  from  the  cyclotron  resonance,  orbit  will  be  about  0.2-0.3  cm  under  a  reversed 

including  the  reversed  guide  field  regime,  provide  guide  field  of  strength  ~  0.2  T.  A  TE2,i  mode  of 

a  higher  quality  helical  electron  beam  formed  in  a  2-cm  diameter  circular  waveguide  is  chosen  as  the 

a  slowly  up-tapered  wiggler  entrance  and  possess  operating  mode.  A  two-mirror  Bragg  resonator 

a  rather  small  sensitivity  to  the  initial  velocity  with  Q  «  2000  should  provide  the  selective  feed- 

spread  in  the  beam.  This  is  corroborated  by  the  back  for  the  operating  mode  at  the  designed  fre- 

results  of  the  FEM-amplifier  [10,11]  and  oscillator  quency.  Theoretical  analysis  based  on  the  average 

[1,2]  experiments,  where  a  maximum  for  milli-  equations  of  motion  (4)  as  well  as  computer  sim- 

meter  wavelength  FEM  efficiency  of  25-30%  was  ulations  using  a  3-D  code,  which  solves  the  full 

obtained  in  the  mentioned  regime.  The  high  effi-  (non  averaged)  equations,  demonstrates  that  an 

ciency  achieved  in  the  experiments  with  reversed  efficiency  of  about  15%  and  an  output  power  of 


-0.50  -0.25  0.00  0.25  0.50  0.75  1.00  Z?0(T) 

Fig.  1.  Dependence  of  the  radius  of  the  electron  orbit  in  a  slowly  up-tapered  helical  wiggler  vs.  the  strength  of  the  guide  magnetic  field: 
1  -  Bw  —  0.1  T,  2  -  =  0.14  T.  Dashed  lines  correspond  to  approximations  by  Eq.  (7).  (d  -  6  cm,  y  =  2.6). 
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Fig.  2.  Dependence  on  longitudinal  coordinate  of  electron  effi¬ 
ciency  (a),  energy  (b)  and  radius  of  rotation  (c)  of  electrons  with 
different  initial  phase  under  excitation  of  the  T£2,i  mode. 
2  =  4  mm,  d  =  6  cm,  y  =  2.6,  Bw  =  0.1  T,  B0  =  —  0.2  T, 
A o  =  350  kV/cm,  D  =  2  cm. 


15-20  MW  may  be  obtained  for  parameters  of  this 
experiment  (Fig.  2).  The  starting  current  for  the 
oscillator  is  about  20  A.  An  experimental  study  of 
this  FEM  scheme  is  currently  in  progress. 
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Abstract 

The  regenerative  amplifier  free-electron  laser  (RAFEL)  is  a  high-gain  RF-linac  FEL  capable  of  producing  high  optical 
power  from  a  compact  design.  The  combination  of  a  high-gain  and  small  optical  feedback  enables  the  FEL  to  reach 
saturation  and  produce  a  high  optical  power  and  high  extraction  efficiency  without  the  risk  of  optical  damage  to  the 
mirrors.  This  paper  summarizes  the  first  lasing  of  the  regenerative  amplifier  FEL  and  describes  recent  experimental 
results.  The  highest  optical  energy  achieved  thus  far  at  16.3  pm  is  1.7  J  over  a  train  of  900  micropulses.  We  infer  pulse 
energy  of  1.9  mJ  in  each  16  ps  micropulse,  corresponding  to  a  peak  power  of  120  MW.  ©  1999  Published  by  Elsevier 
Science  B.V.  All  rights  reserved. 

Keywords:  Regenerative  amplifier;  High-gain;  SASE;  High  power;  RF-linac  FEL;  Cs2Te;  Photocathode 


1.  Regenerative  amplifier  FEL 

High-gain  RF-linac  FELs  operating  in  the  self- 
amplified  spontaneous  emission  (SASE)  regime 
have  recently  emerged  as  a  potentially  viable  tech¬ 
nology  for  generating  short-wavelength  coherent 
radiation  [1].  High-power  FELs,  prone  to  optical 
damage  in  the  resonator  mirrors  because  of  high 
intracavity  power,  can  also  benefit  from  the  single¬ 
pass  nature  of  SASE.  A  variation  of  SASE,  which 
we  call  the  regenerative  amplifier  FEL,  uses  mirrors 
to  provide  a  small  amount  of  optical  feedback  to 
restart  the  amplification  process  in  a  high-gain 
wiggler  [2].  The  large  single-pass  gain  allows  the 
optical  intensity  to  build-up  in  a  few  passes  to  a 
sufficiently  high  level  for  efficient  energy  extraction. 
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Using  a  large  outcoupling  allows  most  of  the  op¬ 
tical  power  to  exit  the  cavity,  thereby  reducing  the 
risk  of  optical  damage  and  increasing  the  amount 
of  light  that  exits  the  cavity  as  useful  power. 

The  regenerative  amplifier  FEL  offers  a  number 
of  unique  attributes:  very  large  cavity  detuning 
length  (on  the  order  of  millimeters),  fast  build-up 
and  ring-down  (a  factor  of  3  in  successive  passes), 
broad  output  spectra  (  >  5%),  a  high  extraction 
efficiency  (  >  2%),  and  a  very  high  peak  power 
(hundreds  of  MW).  This  paper  summarizes  the  ex¬ 
perimental  conditions  for  realizing  the  RAFEL 
concept  and  describes  the  first  lasing  results  as  well 
as  some  recent  accomplishments. 


2.  Experimental  setup 

The  experimental  setup  of  the  regenerative  am¬ 
plifier  FEL  has  been  described  in  detail  elsewhere 
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[3].  Table  1  summarizes  the  RAFEL  experimental 
conditions.  The  electron  beam  is  generated  by 
a  compact,  1.2-m-long,  1300-MHz  photoinjec- 
tor/linac  capable  of  producing  a  maximum  beam 
energy  of  20  MeV.  In  operation,  the  cesium  tellu- 


Table  1 

Summary  of  parameters  for  standard  RAFEL  operating  condi¬ 
tions 


Beam  energy 

Eh 

16.7  MeV 

Peak  current 

1 

270  A 

Micropulse  charge 

Q 

4.5  nC 

Bunch  length 

T 

16  ps 

Normalized  emittance3 

en 

7  Tt-mm-mrad 

Energy  spread 

Ay/y 

0.5% 

Rms  beam  radius  inside  wiggler 

rh 

0.2  mm 

Wiggler  period  (fixed) 

Xw 

2  cm 

Wiggler  length 

Lw 

2  m  (1  m  uniform) 

On-axis  field 

Bw 

(0.7-0. 5)  T 

Wiggler  parameter 

aw 

0.92-0.65 

Wiggler  gap 

9w 

(5.9-9.S)  mm 

Betatron  period 

1  m 

Wavelength 

X 

16.3  pm 

Pierce  parameter 

P 

0.02 

Gain  length  (measured) 

Lg 

15  cm 

a  Inferred  from  the  measured  matched  beam  radius. 


ride  (Cs2Te)  photocathode  was  illuminated  with 
the  8-ps  ultraviolet  pulses  from  a  frequency-quad¬ 
rupled  modelocked  Nd:YLF  laser.  The  photo¬ 
cathodes  for  this  experiment  have  been  enlarged  so 
that  they  can  be  uniformly  illuminated  with  a 
7-mm-radius  drive  laser  spot.  The  large  emission 
radius  reduces  space-charge  effects  and  results  in 
a  higher  peak  current  [3].  Following  a  report  of 
successful  application  of  protective  coating  to  re¬ 
duce  the  sensitivity  of  Cs2KSb  and  Cs3Sb  cathodes 
[4],  we  applied  a  thin  film  (  -40  A)  of  CsBr  on  the 
Cs2Te  photocathodes.  The  coated  Cs2Te  cathodes 
are  much  more  rugged  than  uncoated  cathodes. 
The  quantum  efficiency  for  Cs2Te  cathodes,  ap¬ 
proximately  10%  for  freshly  made  cathodes,  is 
reduced  to  5-6%  after  application  of  the  coating 
(Fig.  1).  The  QE  remains  unchanged  for  more  than 
two  months  of  operation  without  any  sign  of 
degradation. 

The  generated  electron  beam  is  focused  to  the 
entrance  of  the  wiggler  by  two  solenoids,  one 
around  the  photocathode  and  the  other  at  a  loca¬ 
tion  0.4  m  in  front  of  the  wiggler.  The  wiggler  is 
designed  to  provide  two-plane  sextupole  focusing 
to  maintain  the  same  electron  beam  radius  through 
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Fig.  1.  Quantum  efficiencies  of  uncoated  and  CsBr-coated  CsTe  photocathodes  versus  CsBr  film  thickness. 
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the  wiggler.  The  design  of  the  RAFEL  wiggler  has 
been  described  in  detail  previously  [5].  The  wiggler 
has  a  constant  period  of  2  cm,  with  a  1-m  uniform 
section  (peak  field  =  0.7  T)  and  a  1-m  tapered  sec¬ 
tion  (peak  field  =  0.7-0.5T).  The  wiggler  is 
bracketed  with  two  annular  mirrors  that  form 
a  part  of  the  feedback  cavity.  The  electron  beam 
converges  through  a  5-mm-diameter  hole  in  the 
first  annular  mirror  to  a  0.2-mm-radius  spot  at  the 
wiggler  entrance.  Both  the  electron  and  the  FEL 
beams  go  through  a  12-mm-diameter  hole  in  the 
downstream  annular  mirror.  Part  of  the  optical 
beam  is  reflected  off  the  downstream  annular  mir¬ 
ror,  collimated  by  a  pair  of  spherical  and  cylindrical 
mirrors  (approximating  a  90°  paraboloid),  and  then 
refocused  to  the  wiggler  entrance  by  the  second 
paraboloid.  Most  of  the  high-power  optical  beam 
exits  through  the  large  hole  in  the  downstream 
annular  and  expands  to  a  2-in-diameter  beam  at 
the  KBr  vacuum  window.  The  optical  beam  is 
measured  with  a  Molectron  J50  energy  meter, 
a  slow  HgCdTe  detector,  or  a  fast  Cu :  Ge  detector. 
After  traversing  the  second  annular  mirror,  the 
electron  beam  enters  a  spectrometer  dipole,  turns 


120°,  and  terminates  in  the  beam  dump  located  in 
the  ground. 

3.  Experimental  results 

The  RAFEL  small-signal  gain  was  measured  in 
an  SASE  experiment  that  is  described  in  detail 
elsewhere  [6].  From  the  best  fit  to  the  data,  we 
obtained  a  value  of  the  gain  coefficient  that  indi¬ 
cates  there  was  8  power  gain  lengths  in  our  wiggler. 
This  corresponds  to  a  single-pass  gain  of  330 
(33000%).  This  small-signal  gain  is  too  large  to  be 
measured  by  conventional  optical  build-up 
methods.  The  large-signal  gain  as  measured  by  the 
optical  build-up  is  as  high  as  300%.  Immediately 
after  installing  the  feedback  optics,  we  observed  an 
optical  power  that  exceeded  the  SASE  power  by 
more  than  six  orders  of  magnitude  (Fig.  2).  The 
measured  HgCdTe  signal  in  the  large  signal  regime 
follows  the  transmitted  current  macropulse  closely 
and  exhibits  much  more  fluctuations  than  the 
single-pass  signal.  By  adjusting  the  feedback  cavity 
length,  we  measured  a  detuning  length  FWHM 
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Fig.  3.  RAFEL  cavity  detuning  length. 
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Fig.  5.  Cu :  Ge  detector  signals  of  individual  micropulses  show¬ 
ing  fast  ring-down. 
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Fig.  4.  Cu :  Ge  detector  signals  of  individual  micropulses  show-  6  Output  optica[  spectra;  measured  (solid)  and  calculated 

ing  fast  optical  build-up  near  saturation.  with  pgL]gX  (dashed). 


greater  than  1  mm  (Fig.  3),  which  greatly  relaxes  the 
mechanical  stability  requirements  for  the  feedback 
cavity. 

The  optical  build  up  to  saturation  was  recorded 
with  a  high-speed  copper-doped  germanium  de¬ 
tector  that  integrated  the  optical  energy  over  each 
micropulse  and  yielded  the  pulse  energies  of  the 
individual  micropulses.  As  there  are  two  optical 
pulses  in  the  feedback  cavity,  two  sets  of  optical 


micropulses  build  up  from  intrinsically  different 
gain  conditions  and  achieve  saturation  at  different 
times  (Fig.  4).  Regardless  of  the  gain  conditions, 
both  sets  of  micropulses  achieve  the  same  satura¬ 
tion  level  and  when  the  electrons  are  turned  off, 
they  decay  together  as  a  pair  of  micropulses  (Fig.  5). 
Because  of  the  large  outcoupling,  the  cavity  ring- 
down  is  fast:  the  FEL  power  drops  by  a  factor 
of  3  in  successive  passes.  From  the  ring-down 
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Fig.  7.  Output  micropulse  energy  versus  micropulse  charge;  experimental  measurements  (solid  circles),  FELEX  prediction  (square)  and 
extrapolation  to  lower  charge  based  on  FELEX  (line). 


measurements,  we  estimate  the  feedback  cavity  has 
an  outcoupling  of  66%.  Only  25%  of  the  total 
power  reflected  back  into  the  feedback  cavity  gets 
injected  into  the  wiggler.  The  feedback  fraction  is 
thus  only  8%. 

The  output  spectrum  was  measured  with  a 
Jarrell-Ash  monochromator  and  a  fast  HgCdTe 
detector.  The  signal  was  integrated  over  the  portion 
of  the  macropulse  where  the  cavity  field  is  stable  to 
within  1%.  The  spiky  nature  of  the  spectrum  is 
similar  to  those  predicted  by  FELEX  simulations 
at  the  9th  and  10th  passes  (Fig.  6).  The  breadth  of 
the  measured  spectrum  compared  to  prediction 
may  be  due  to  the  fact  that  the  measurement  was 
integrated  over  several  passes. 

During  the  first  lasing  experiment,  the  micro¬ 
pulse  charge  was  limited  to  3nC  or  less,  and  the 
measured  energy  integrated  over  a  9-ps  macropulse 
( ~1000  micropulses)  was  0.5  J,  yielding  a  micro¬ 
pulse  energy  of  0.5  mJ  in  each  10-ps  micropulse. 
More  recently,  with  a  higher  micropulse  charge  of 
4.5  nC,  we  achieved  a  macropulse  energy  of  1.7  J 


over  a  8-ps  macropulse  ( ~900  micropulses),  corre¬ 
sponding  to  a  micropulse  energy  of  1.9  mJ  in  ap¬ 
proximately  16  ps.  The  corresponding  average 
power  during  the  macropulse  is  200  kW  and  the 
peak  power  during  a  micropulse  is  estimated  at  120 
MW.  Since  these  results  were  obtained  with  4.5  nC 
of  charge  at  16.7  MeV,  corresponding  to  75  mJ  of 
energy  in  each  electron  micropulse,  we  deduced 
that  2.3%  of  the  beam  power  was  converted  to  FEL 
light  exiting  the  cavity.  The  measured  micropulse 
energy  is  plotted  versus  micropulse  charge  in  Fig.  7. 
For  comparison,  the  FELEX  prediction  at  6nC  is 
included,  together  with  our  estimates  of  the  max¬ 
imum  micropulse  energy  that  can  be  obtained 
(solid  line). 

4.  Conclusion 

We  have  achieved  very  efficient  lasing  with  the 
regenerative  amplifier  free-electron  laser.  This 
experiment  demonstrates  the  utility  of  optical 
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feedback  to  achieve  saturation  in  a  high-gain  SASE 
FEL.  The  highest  optical  energy  achieved  thus  far 
is  1.7  J  over  a  train  of  900  micropulses.  We  deduced 
a  pulse  energy  of  1.9  mJ  in  each  16-ps  micro  pulse, 
corresponding  to  a  peak  power  of  120  MW.  This 
new  FEL  has  operated  at  high  peak  power  without 
optical  damage  to  the  cavity  mirrors.  The  RAFEL 
also  exhibits  a  very  large  feedback  cavity  detuning 
length.  The  FEL  output  efficiency,  which  is  the 
efficiency  of  conversion  from  electron  beam  energy 
to  the  light  outside  the  FEL  cavity,  for  this  initial 
demonstration  is  2.3%.  Work  is  in  progress  to 
improve  the  RAFEL  efficiency  and  to  explore  the 
capability  of  this  high-gain  free-electron  laser. 
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Abstract 

Enhancement  of  the  2nd  and  3rd  harmonic  of  the  wavelength  of  a  Free-Electron  Laser  (FEL)  has  been  measured  when 
a  single  electron  beam  is  crossing  a  two-section  undulator.  To  produce  the  harmonic  radiation  enhancement,  the 
undulator  is  arranged  so  that  the  resonance  wavelength  of  the  2nd  undulator  (downstream)  matches  a  harmonic  of  the 
1st  undulator  (upstream).  Both  the  fundamental  and  the  harmonic  optical  fields  evolve  in  the  same  optical  cavity  and  are 
coupled  out  with  different  extraction  efficiency,  through  a  hole  in  one  of  the  cavity  mirrors.  We  present  measurements 
that  show  that  the  optical  power  at  the  2nd  and  3rd  harmonic  can  be  enhanced,  by  about  one  order  of  magnitude,  in  two 
configurations:  when  the  resonance  wavelength  of  the  2nd  undulator  matches  the  harmonic  of  1st  one  (harmonic 
configuation),  or  when  the  gap  of  the  2nd  undulator  is  slightly  larger  than  first  one  (step-tapered  configuration).  We 
examine  the  dependence  of  the  harmonic  power  on  the  gap  of  the  2nd  undulator.  This  fundamental/harmonic  mode  of 
operation  of  the  FEL  may  have  useful  applications  in  the  production  of  coherent  X-ray  and  VUY  radiation,  a  spectral 
range  where  high  reflectivity  optical  cavity  mirrors  are  difficult  or  impossible  to  manufacture.  ©  1999  Elsevier  Science 
B.V.  All  rights  reserved. 


1.  Introduction 

In  a  Compton  free-energy  laser  (FEL),  the 
motion  of  the  electrons  in  a  planar  undulator  is 
mainly  dominated  by  a  transverse  oscillation  aris¬ 
ing  from  the  periodic  magnet  field  of  the  undulator. 
The  field  radiated  by  the  electrons  is  spiky  with 
many  harmonics  when  the  rms  undulator  deflec¬ 
tion  parameter,  K ,  is  larger  than  one.  On-axis,  only 
odd  harmonics  are  predicted,  and  in  the  saturated 
FEL  oscillator,  harmonic  radiation  is  usually  ob¬ 
served  [1],  amounting  to  not  more  than  1%  of  the 
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total  radiation.  As  far  as  the  user  of  FEL  radiation 
is  concerned,  this  is  a  nuisance  and  needs  to  be 
suppressed  or  filtered  out.  When  K  >  1  the  laser 
can  have  enough  gain  to  oscillate  independently 
and  saturate  on  a  harmonic  [2,3].  In  the  presence 
of  the  large  intracavity  fields  of  the  saturated  FEL 
oscillator,  the  bunching  of  the  electron  beam  con¬ 
tains  many  higher  harmonics  of  the  fundamental 
frequency  of  the  laser.  This  fact  is  taken  advantage 
of  in  the  “CLIO”  Free-Electron  Laser,  which  uses 
an  undulator  with  two  independant  sections.  The 
first  section  of  the  FEL  acts  as  a  buncher  and  the 
second  section  as  a  radiator  [4,5].  Generating  har¬ 
monics  by  frequency  multiplication  in  an  optical 
klystron  [6]  also  relies  on  anharmonic  bunching 
although  the  bunching  optical  field  is  usually 
derived  from  an  external  laser  source. 
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The  “CLIO”  FEL  is  designed  as  a  user  facility 
[7]  and  operates  in  the  wavelength  range  3-50  pm, 
producing  picosecond  to  subpicosecond  optical 
radiation  with  peak  powers  as  high  as  100  MW. 
The  FEL  is  powered  by  25-50  MeV  electron 
bunches,  each  with  a  charge  of  1  nC  and  a  peak 
current  of  70  A,  derived  from  an  S-band  linac.  The 
undulator  consists  of  two  planar  sections,  each  with 
Nu  =  19  magnetic  periods  of  Xu  =  50.5  mm.  Each 
section  has  independently  adjustable  gaps  gx  and 
g2,  corresponding,  respectively,  to  the  deflection 
parameters  and  K2 .  A  single  undulator  section 
(Nu  =  19)  has  a  gain  G0  >  20%  for  K  «  1,  allowing 
the  oscillator  to  saturate  with  one  section  only, 
when  the  optical  cavity  detuning  is  set  for  optimum 
gain.  By  adjusting  the  step  in  the  undulator, 
A K  =  K2  —  Ku  the  laser  may  operate  in  a  variety 
of  configurations:  (i)  with  a  straight  undulator, 
A K  =  0,  (ii)  with  a  “reverse-step  taper”,  A K  «  0.03, 
leading  to  an  enhancement  of  efficiency  and  spec¬ 
tral  brightness  [8],  and  (iii)  on  two  colour  opera¬ 
tions,  when  |AK|  >  0.1,  allowing  production  of  two 
independent  and  simultaneous  colours  in  the  laser 
spectrum  [9]. 

To  observe  enhanced  harmonic  radiation  from 
the  FEL  with  the  harmonic  n  =  2  and  n  —  3, 
a  series  of  band-pass  filters  and  a  monochromator 
have  been  used  to  analyse  the  radiation  spectrum  at 
the  fundamental  and  harmonics.  Fast  infrared 
HgCdTe  detectors,  and  a  calorimetric  power  meter 
have  been  used  to  measure  the  relative  and  abso¬ 
lute  powers,  respectively. 

2.  Measurements 

To  observe  enhanced  coherent  harmonic  emis¬ 
sion  on  “CLIO”  the  gap  g1  of  the  1st  undulator 
was  set  close  to  its  minimum  value  of  g±  —  17  mm, 
giving  K1  «  2.3  and  a  resonance  wavelength  of 
X1  %  10  pm  for  an  electron  beam  of  ymc2  — 
50  MeV.  The  fundamental  wavelength  of  the  laser 
radiation,  produced  in  the  1st  undulator,  is  mea¬ 
sured  at  X  «  10  pm.  Fig.  1  displays  a  curve  repres¬ 
enting  the  3rd-harmonic  intensity  as  a  function  of 
the  gap  g2  of  the  2nd  undulator.  A  grating  mono¬ 
chromator  allows  a  selection  of  the  3rd  harmonic. 
The  gap  g2  is  scanned  continuously  from  17  mm 
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Fig.  1.  Intensity  of  the  3rd  harmonic  as  a  function  of  the  gap 
g2  of  the  2nd  undulator.  The  gap  gx  of  the  1st  undulator  is  set  at 
17  mm.  The  resonance  wavelength  X2  corresponding  to  the  gap 
g2  is  displayed  on  the  axis  above  the  curve. 

(flat  undulator)  up  to  50  mm.  This  is  equivalent  to 
a  scanning  of  the  resonant  wavelength  X2  from  10 
to  2.5  pm,  which  the  corresponding  axis  is  dis¬ 
played  in  Fig.  1  above  the  curve.  The  enhancement 
of  the  3rd-harmonic  radiation  occurs  for  two  differ¬ 
ent  areas  of  the  resonance:  g2  =  17.5  mm  and 
g2  «  42  mm.  The  gap  g2  «  42  mm  giving  k2  =  0.48, 
corresponds  to  the  resonance  of  the  3rd  harmonic 
of  10  pm,  at  X2  =  3.14  pm.  This  resonance  extends 
from  a  gap  g2  =  38  mm  to  47  mm,  corresponding 
to  a  width  A K2  =  0.25  in  FWHM,  and  to  a 
width  of  resonance  wavelength  of  AX2  =  0.35  pm, 
representing  10%  of  the  harmonic  wavelength 
X2  =  3.14  pm.  The  resonance  at  the  gap  g2  = 
17.5  mm  occurs  with  the  undulator  in  a  “step- 
tapered”  configuration,  where  the  K2  of  the  second 
undulator  is  slightly  smaller  than  the  Kx  of  first 
one,  with  a  difference  of  K1  —  K2—  0.07  for  the 
case  of  Fig.  1.  This  peak  is  rather  sharp,  but  it  is 
always  present  in  the  series  of  scans  that  have  been 
done  within  the  same  experimental  conditions. 
Much  theoretical  work  has  been  done  in  the  past 
on  the  “tapered”  configuration  of  the  FELs,  to 
allow,  in  principle,  a  larger  efficiency  of  the  FEL. 
Nevertheless,  at  present,  there  are  no  FELs  work¬ 
ing  with  tapered  undulators,  and  a  detailed  theoret¬ 
ical  analysis  has  shown  that  the  chaotic  behaviour 
of  the  laser  spectrum  at  saturation  does  not  allow 
this  principle  to  work  [10].  The  “step-tapered” 
undulator  is  certainly  different  than  the  linear 
“tapered”,  however,  the  measurements  displayed  in 
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Fig.  1  show  that  it  is  efficient  for  harmonic  enhance¬ 
ment.  In  these  conditions,  the  power  at  the  har¬ 
monic  wavelength  can  be  enhanced  by  about  one 
order  of  magnitude  as  compared  with  the  power 
obtained  with  flat  undulator  configuration 
(g i  =  g2).  The  resulting  macropulses,  for  a  cavity 
detuning  of  dL  «  ku  are  more  than  6  ps  long  (out 
of  a  10  ps  long  electron  pulse  train),  implying  that 
the  gain  is  high  enough  to  achieve  saturation  with 
a  single  section. 

The  enhancement  of  the  2nd  harmonic  has  also 
clearly  been  observed.  Fig.  2  displays  a  curve  rep¬ 
resenting  the  2nd-harmonic  intensity  as  a  function 
of  the  gap  g2  of  the  2nd  undulator.  A  grating 
monochromator  allows  a  selection  of  the  2nd  har¬ 
monic.  The  1st  undulator  was  still  set  to  the  min¬ 
imum  value  of  gi  =  17mm,  giving  ^2.3  and 
kt  «  10  pm  for  a  beam  energy  of  ymc2  =  50  MeV. 
The  axis  of  the  corresponding  resonance  wave¬ 
length  is  displayed  in  Fig.  2  above  the  curve.  It  can 
be  seen  from  the  figure  that  there  is  an  enhance¬ 
ment  of  the  2nd  harmonic  in  the  region  of 
g2  «  27  mm,  i.e.  K2  «  1.2,  corresponding  to  the  res¬ 
onance  at  k 2  =  4.75  pm  of  the  2nd  harmonic.  En¬ 
hancement  occurs  also  for  the  “step-tapered” 
configuration,  with  g2  «  17.5  mm  and  —  K2  & 
0.07.  Note  that  the  harmonic  enhancement  occurs, 
in  spite  of  a  decreasing  of  the  FEL  average  power 
<P>,  at  the  fundamental  wavelength.  Indeed,  the 
maximum  of  power  <P>  =  350  mW  is  obtained 
with  the  flat  undulator  (gx  =  g2\  and  the  enhance¬ 
ment  of  harmonic  occurs  with  the  gaps  gx  —  17  mm 
and  g2  « 27  mm,  when  the  power  is  only 
<P>  =  225  mW.  Taking  into  account  the  ratio  be¬ 
tween  the  harmonic  intensity,  in  Fig.  2,  and  the 
FEL  power,  the  2nd  harmonic  is  enhanced  by  a  fac¬ 
tor  of  10.  The  production  of  2nd  harmonic  is  sur¬ 
prising  at  first  glance  as  the  conventional  theory  of 
a  planar  undulator,  which  predicts  zero  gain  and 
power  on  axis  at  harmonic  two.  However,  as  the 
FEL  optical  cavity  can  support  antisymmetric 
radiation  fields,  such  as  the  TEM11  (Hermite- 
Gauss)  mode,  the  gain  and  power  are  non- 
negligible  [11,12].  In  addition,  the  radiated 
2nd-harmonic  on-axis  power  is  large  if  there  is 
harmonic  bunching  of  the  electrons  close  to  the 
2nd-harmonic  frequency  as  they  pass  through  the 
undulator,  as  will  be  shown  below.  These  are  per- 


Resonance  wavelength  :  X2  (ym) 


2nd  undulator  gap  :  g2  (mm) 


Fig.  2.  Intensity  of  the  2nd  harmonic  as  a  function  of  the  gap 
02  of  the  2nd  undulator.  The  gap  gx  of  the  1st  undulator  is  set  at 
17  mm.  The  reasonance  wavelength  X2  corresponding  to  the  gap 
02  is  displayed  on  the  axis  above  the  curve. 


haps  the  main  reasons  why,  in  most  FELs,  a  signifi¬ 
cant  2nd-harmonic  power  is  always  produced.  An¬ 
other  intriguing  feature  of  Fig.  2  is  the  presence  of 
two  peaks  of  resonance  of  the  2nd  harmonic,  at 
g2  =  26  and  28  mm,  i.e.  K2  =  1.3  and  1.15,  respec¬ 
tively.  The  separation  between  these  two  peaks  is  of 
A K2  =  0.15  representing  a  separation  of  the  reson¬ 
ance  wavelengths  of  A k2  =0.5  pm,  representing 
10%  of  the  harmonic  wavelength  k2  =  4.75  pm. 
The  enhancement  of  3rd  harmonic,  shown  in  Fig.  1, 
exhibits  a  single  large  peak,  with  10%  of  line  width, 
i.e.  a  linewidth  equivalent  to  the  separation  of  the 
two  peaks  in  Fig.  2.  The  spectrum  of  the  harmonic 
radiation  has  been  measured,  both  with  the  flat 
undulator  (gx  =  g2)  and  with  the  undulators  in 
“harmonic  resonance  configuration”.  No  difference 
was  observed  between  these  spectra.  For  example, 
for  both  cases,  the  2nd  harmonic  is  peaking  at 
k2  =  4.78  pm  with  a  linewidth  of  A X2  =  0.07  pm 
FWHM  corresponding  to  15%. 

In  order  to  observe  in  more  detail  the  effect  of  the 
“step-taper”  configuration  on  the  harmonics, 
a  measurement  of  the  1st-  and  2nd-harmonics  in¬ 
tensities  as  been  done  with  the  gap  g2  scanning 
close  to  the  value  of  gv  The  1st  undulator  was  set  to 
a  value  of  gx  =  18  mm,  giving  «  2.15  and  kx  « 
8.8  pm  for  a  beam  energy  of  ymc2  —  50  MeV.  This 
measurement  is  shown  in  Fig.  3.  The  fundamental 
wavelength  is  peaking  at  the  gap  g2  =  18  mm, 
i.e.  with  the  flat  undulator.  The  2nd  harmonic  is 
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peaking  at  g2  =  18.3  mm,  i.e.  K2  =  2.11,  where  the 
harmonic  is  enhanced  by  a  factor  of  about  10  as 
compared  with  the  flat  undulator.  Note  that  the 
laser  vanishes  for  the  gap  g2  =  17.6,  i.e.  K2  =  2.2, 
because  the  laser  power  produced  at  fundamental 
wavelength  in  the  1st  undulator  is  reabsorbed  in 
the  2nd  one.  This  effect  has  already  been  observed 
when  the  “CLIO”  FEL  is  operating  in  two-colour 
[13].  In  this  case,  two  different  wavelengths  are 
produced  by  the  FEL  when  the  two  undulators  are 
adjusted  at  different  gaps,  gx  ^  g2.  The  harmonic 
experiment  uses  the  same  configuration,  but  in  ad¬ 
dition,  the  2nd  resonance  wavelength  is  adjusted  to 
be  a  harmonic  of  the  1st  one. 

We  have  verified  experimentally  that  the  en¬ 
hancement  of  the  intensity  of  the  harmonics  is  not 
a  simple  effect  of  laser  in  the  2nd  undulator,  inde- 
pendantly  of  the  1st  undulator,  as  in  the  two  colour 
operation.  This  also  would  give  an  enhancement  of 
the  signal  at  the  harmonic  resonance,  because  of 
the  monochromator  selection  of  the  measured  sig¬ 
nal.  The  intensity,  displayed  in  vertical  axis  of  Figs.  1 
and  2,  has  been  measured  through  a  mono¬ 
chromator  in  order  to  only  select  the  harmonic 
component.  As  a  consequence,  the  peak  which  is 
observed  in  the  scan  of  Figs.  1  and  2,  at  harmonic 
resonance,  also  could  be  due  only  to  the  fact  that 
the  laser  power  of  the  2nd  undulator  is  passing 
through  the  monochromator  slits  when  its 
wavelength  is  fitting.  In  this  case,  the  intensity  ob¬ 
tained  by  scaning  g2  would  also  exhibit  a  peak,  as  it 
is  observed  in  Figs.  1  and  2.  In  order  to  show  that 
the  enhancement  is  not  due  to  such  effect,  the 
monochromator  has  been  adjusted  to  4.75  pm,  cor¬ 
responding  to  the  fundamental  wavelength  of  the 
2nd  undulator  at  g2  =  27  mm,  and  the  1st  undula¬ 
tor  has  been  scanned.  In  these  conditions,  a  strong 
signal  is  observed  only  if  the  gaps  [01?02]  are  in 
harmonic  configuration,  i.e.,  respectively,  at  17  and 
27  mm.  If  the  signal  was  only  due  to  simple  laser 
effect  of  the  2nd  undulator,  it  would  be  more  or  less 
independant  of  the  1st  undulator  gap.  In  con¬ 
clusion,  this  shows  that  the  enhancement  of  the 
signal  in  Figs.  1  and  2  corresponds  to  a  real  effect  of 
harmonic  prebunching  in  the  1st  undulator,  fol¬ 
lowed  by  amplification  of  the  harmonic  in  the  sec¬ 
ond  one.  Note  that  the  harmonic  energy  is  also 
stored  in  the  mirror  cavity  of  the  FEL,  like  the 


Fig.  3.  Intensity  of  the  1st  and  2nd  harmonics  as  a  function  of 
the  gap  g2  of  the  2nd  undulator.  The  gap  of  the  1st  undulator 
is  set  at  18  mm. 


fundamental  component  of  the  laser.  As  a  conse¬ 
quence,  the  harmonic  enhancement  observed  here 
is  not  a  simple  effect  of  Coherent  Harmonic  Gen¬ 
eration  (CHG),  which  is  a  single-pass  process  [6], 
The  process  observed  here  involves  several  conse¬ 
quences  of  the  FEL  process:  the  CHG  for  laser 
feeding,  the  gain  on  the  harmonic  for  amplification, 
and  the  harmonic  pre-bunching  as  a  booster. 

The  measurements  shown  in  Figs.  1  and  2  have 
also  been  carried  out  with  an  electron  beam  of 
ymc2  =  38  MeV.  The  result  was  similar  to  50MeV: 
the  enhancement  at  resonance  of  3rd  harmonic 
exhibits  one  large  peak  at  g2  =  40  mm,  and  the 
resonance  of  2nd  harmonic  exhibits  two  peaks  at 
g2  =  26.5  and  28.5  mm.  An  enhancement  also  oc¬ 
curs  with  a  “step-tapered”  configuration  {g1  = 
17  mm  and  g2  =  17.5  mm),  though  less  evidently 
as  for  the  energy  of  ymc2  —  50  MeV. 


3.  Conclusion 

The  operation  of  FELs  in  the  VUV  spectral 
range  is  difficult  because  the  gain  drops  strongly  at 
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short  wavelengths,  and  high  reflectivity  mirrors  are 
difficult  or  impossible  to  manufacture.  Much  work 
is  done  now  with  self-amplified  spontaneous  emis¬ 
sion  (SASE)  in  order  to  reach  the  short  wavelengths 
[14,16].  Nevertheless,  the  lasing  on  the  harmonics 
may  also  be  a  good  candidate  to  reach  the  VUV 
range.  An  enhancement  of  the  harmonic  radiation 
is  necessary  to  allow  sufficient  power  emission,  and 
the  measurements  described  here  are  showing  an 
enhancement  of  one  order  of  magnitude  with  the 
2nd  and  the  3rd  harmonics.  The  double  section  of 
the  undulator  of  CLIO  allowed  harmonic  enhance¬ 
ment,  by  adjusting  the  two  undulator  sections, 
respectively,  in  fundamental  and  harmonic  reson¬ 
ance.  Also,  equivalent  quantity  of  enhancement  of 
harmonic  has  been  measured  with  the  “step-taper” 
configuration  of  the  undulator,  i.e.  with  the  gap  of 
the  2nd  section  slightly  larger  as  the  1st  section. 
Note  that  enhancement  of  the  harmonics  has  al¬ 
ready  been  observed,  with  the  CLIO  FEL  [15],  but 
only  with  the  2nd  harmonic,  not  the  3rd  one,  and 
the  harmonic  enhancement  with  “step-taper”  con¬ 
figuration  was  not  observed.  The  enhancement 
process  with  the  undulator  in  the  fundamental/har¬ 
monic  configuration  requires  a  large  gap  between 
both  undulators,  whereas  the  “step-taper”  config¬ 
uration  needs  only  about  |mm  of  gap  between 


sections,  and  undulators  with  several  “step- 
tapered”  sections  is  realistic. 
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Abstract 

Simultaneous  two-color  FEL  lasing  on  the  same  electron  macropulse  has  been  demonstrated  at  4.65  and  19.4  pm  using 
a  33  MeV  electron  beam  and  two  FEL  facilities  (FEL-1  and  FEL-4)  of  the  FELI.  The  average  powers  are  11  mW  at 
4.65  pm  and  2mW  at  19.4  pm.  Their  spectral  widths  (FWHM)  are  0.85%  and  1.06%.  They  are  delivered  to  users  through 
two  evacuated  optical  pipes.  FEL-1  achieved  lasing  in  the  mid-infrared  region  with  the  undulator-1  (UND-1; 
Au  =  34  mm,  K  =  0.5-1.5,  Nu  =  34)  in  1994  and  FEL-4  achieved  lasing  at  far-infrared  region  with  the  undulator-4 
(UND-4;  2U  =  80mm,  K  =  L26-3.37,  Nu  =  30)  in  1996.  UND-4  is  installed  at  the  downstream  of  the  UND-1  and  an 
electron  beam  is  transported  through  an  S-type  electron  beam  transport  line  including  two  45°  bending  mag¬ 
nets.  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 


1.  Introduction 

Since  first  lasing  at  the  mid-infrared  (MIR)  re¬ 
gion  in  1994  at  the  FELI  [1],  we  have  succeeded  in 
lasing  in  the  near-infrared,  visible  and  UV  regions 
[2].  We  have  also  succeeded  in  lasing  in  the  far- 
infrared  (FIR)  region  (X  =  18.6-40  pm)  with  a  Hal- 
bach-type  undulator  in  December  1996  [3].  Our 
FEL  system  has  mainly  been  used  for  FEL  applica¬ 
tion  research  in  the  5-13  pm  region  so  we  have  no 
machine  time  to  lase  at  wavelengths  longer  than 
40  pm  and  shorter  than  278  nm. 

Simultaneous  lasing  in  the  MIR  region  with  two 
undulators  has  been  achieved  at  CLIO  [4]  where 
a  single  beam  and  a  common  optical  cavity  is  used. 
Therefore,  two  wavelengths  of  FEL  light  are  de¬ 
livered  to  the  user  simultaneously,  and  their  color 
difference  is  small.  Quasi-simultaneous  FEL  opera- 
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tion  of  the  FIR  and  MIR  regions  has  also  been 
demonstrated  at  the  Stanford  FEL  Center  [5].  At 
Stanford,  interleaved  electron  beams  of  different 
energies  are  generated  by  a  single  linac,  separated 
and  then  used  to  independently  drive  the  FIR-FEL 
facility  and  the  MIR-FEL  facility.  They  lase  on 
alternate  macropulses  with  the  optical  beam  de¬ 
livered  to  two  users  at  once. 

FELI  has  also  achieved  two-color  oscillations 
using  the  FELI  linac,  beam  transport  systems  and 
the  two  FEL  facilities  (FEL-1  and  FEL-4).  This 
paper  describes  the  results  of  the  first  simultaneous 
two-color  lasing. 


2.  Experimental  setup 

Fig.  1  shows  a  schematic  layout  of  the  simulta¬ 
neous  two-color  FEL  experiment.  The  electron 
injector  generates  a  22.3125-MHz  electron  micro¬ 
pulse  train  lasting  24  ps.  These  pulse  trains  repeat 
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Fig.  1.  A  schematic  layout  of  the  simultaneous  two-color  FEL  experiment. 


Table  1 

Characteristics  of  each  FEL  oscillators 


Mid-IR 

Far-IR 

Undulator  type 

Halbach 

Halbach 

Undulator  period  (mm) 

34 

80 

Period  number 

58 

30 

Gap  length  (mm) 

15-25 

30-55 

K  value 

0.56-1.42 

3.37-1.26 

Material  of  permanent 

Nd-Fe-B 

Sm-Co 

magnet 

Cavity  type 

Fabry-Perot 

Fabry-Perot 

Cavity  length  (m) 

6.72 

6.72 

Rayleigh  length  (m) 

1.0 

0.54 

g-parameter 

-0.93 

-0.89 

-0.76 

-  1.01 

Mirror  curvature  (m) 

3.490 

3.555 

Material  of  the  mirrors 

Au/Cu 

Au/Cu 

Extraction 

Hole 

Hole 

Aperture  dia.  of  an  outer 

1.5 

2.5 

coupler  (mm) 

Window  for  FEL  guide 

KRS-5 

Diamond 

ZnSe 

KRS-5, 

polystyrene 

at  10  pulses  per  second.  The  electron  micropluses 
are  bunched  and  accelerated  with  a  714-MHz  sub¬ 
harmonic  buncher,  a  2856-MHz  buncher  and 
a  2.93-m  long  accelerator  tube.  Accelerated  elec¬ 
tron  beams  are  transported  to  the  MIR  undulator 
(UND-1)  through  two  (22.5°  and  —  22.5°)  bending 
electro-magnets  and  focusing  quadrupole  magnets. 
Once  passed  through  UND-1,  they  are  transported 
to  the  FIR  undulator  (UND-4)  through  two  (45° 


and  —  45°)  bending  electromagnets  and  focusing 
quadrupole  magnets.  Table  1  shows  the  parameter 
lists  of  these  two  FEL  oscillators.  The  two  FEL 
wavelengths  are  guided  through  two  evacuated  op¬ 
tical  pipes.  The  entrance  windows  of  the  optical 
pipes  are  KRS-5  for  MIR-FEL  and  diamond  for 
FIR-FEL  and  the  exit  windows  at  the  monitor 
room  and  the  user  rooms  are  ZnSe  for  MIR  and 
KRS-5  or  polystyrene  for  FIR. 


3.  Simultaneous  two-color  lasing  experiment 

Fig.  2  shows  a  layout  of  the  FEL  measurement 
systems  installed  at  the  monitor  room.  They  are  set 
on  three  separate  platforms.  The  first  is  the  optical 
reflection  platform  where  the  FEL  light  is  switched 
to  the  other  two  platforms  which  are  the  FEL 
measurement  platforms.  The  MIR-FEL  and  the 
FIR-FEL  pass  through  two  individual  optical 
guides  and  so  we  provide  two  measurement  sys¬ 
tems.  The  FIR-FEL  measurement  platform,  how¬ 
ever,  is  usually  used  for  FEL  application  research. 
FEL  wavelengths  are  measured  using  a  mono¬ 
chromator  and  a  128-element  pyroelectric  linear 
array  detector.  A  grating  in  the  monochromator 
must  be  scanned  to  measure  a  wavelength  so  that  it 
is  effective  to  use  the  linear  array  detector  at  the  exit 
of  the  monochromator  to  measure  the  light  from 
pulsed  lasers-like  FELs.  HgCdTe  detectors  are 
used  to  measure  FEL  macropulse  signals.  They  are 
very  sensitive  and  so  care  must  be  taken  to  guard 
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mirror 
( for  FEL-1  ) 


against  measuring  scattered  FEL  light  with  a  parti¬ 
tion.  FEL  average  powers  are  measured  with 
powermeters. 

In  these  experiments,  widening  the  undulator 
gap  length  of  UND-1  to  50  mm  (K- value  =  0.06), 
we  tried  to  lase  at  the  FIR  range  with  UND-4  and 
fixed  the  oscillating  condition.  Next,  gradually  nar¬ 
rowing  the  UND-1  gap  length  to  25  mm  (X-value 
=  0.56),  we  tried  to  lase  also  in  the  MIR  region 
while  maintaining  the  lasing  condition  in  the  FIR 
region.  Finally,  we  achieved  simultaneous  two- 
color  FEL  lasing  with  FEL-1  and  FEL-4.  Fig.  3 
shows  a  spectra  of  MIR-  and  FIR-FELs.  The  lasing 
wavelengths  are  4.65  and  19.4  pm  and  their  spectral 
spread  (FWHM)  are  0.85%  and  1.06%,  respective¬ 
ly.  Fig.  4  shows  the  FEL  macropulse  signals  of  the 
MIR  and  FIR  lasers  measured  with  HgCdTe  de¬ 
tectors  and  the  electron  beam  macropulse  mea¬ 
sured  with  an  electrostatic  probe  (button  monitors 
[6])  which  was  set  at  the  entrance  of  UND-1.  The 
macropulse  of  the  FIR-FEL  should  rise  more 


quickly  than  that  of  the  MIR-FEL  because  the 
small  signal  gains  of  the  FIR-  and  MIR-FELs  are 
30%  and  20%,  respectively.  However,  it  is  not  so. 
A  part  of  the  electron  beam  loses  its  energy  to  the 
MIR-FEL  at  UND-1  and  the  beam  energy  spread 
becomes  broader  at  UND-4  and  so  the  gain  of  the 
FIR-FEL  with  UND-4  decreases.  The  beam  tra¬ 
jectory  also  moves. 

The  button  monitor  signals  set  between  two  45° 
bending  magnets  of  the  downstream  of  UND-1 
clearly  show  this  phenomenon.  Two  button  moni¬ 
tors  (ch2,  ch4)  are  set  on  the  electron  beam  duct 
horizontally.  Thus,  the  difference  between  both  the 
signals  should  be  zero  if  the  electron  beam  passes 
through  the  center  of  the  beam  duct.  The  signals  in 
Fig.  5  show  the  differences  between  two  button 
monitors  with  mid-infrared  lasing  and  when  a  shut¬ 
ter  is  inserted  into  the  optical  cavity  line  of  FEL-1 
to  stop  lasing.  The  ch2  signal  rises  about  5  ps  later 
than  the  electron  macropulse  and  its  shape  is  sim¬ 
ilar  to  that  of  the  MIR-FEL  macropulse.  This  is 
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(b)  wavelength  [gm] 

Fig.  3.  The  FEL  spectra  of  (a)  MIR  region  with  UND-1 
(X  =  4.65  pm,  A ?,/X  =  0.85%)  and  (b)  FIR  region  with  UND-4 
(X  =  19.4pm,  A XfX  =  1.06%). 


Fig.  4.  The  FEL  macropulse  signals  of  MIR  and  FIR  region 
from  HgCdTe  detectors  and  the  electron  beam  macropulse  from 
button  monitors  set  in  the  entrance  of  UND-1. 


Fig.  5.  The  signals  show  the  difference  between  two  button 
monitors  with  MIR  lasing  and  when  a  shutter  is  inserted  into  the 
optical  cavity  of  the  MIR-FEL  to  stop  lasing. 


wavelength[pm] 

Fig.  6.  The  average  FEL  powers  at  mono-color  lasing  and  at 
simultaneous  two-color  lasing. 

caused  by  a  decrease  in  the  electron  energy.  Fig.  6 
shows  the  average  FEL  powers  with  single  color 
lasing  and  at  simultaneous  two-color  lasing.  The 
average  powers  are  1 1  mW  at  4.65  pm  and  2  mW  at 
19.4  pm  for  the  two-color  lasing. 


4.  Conclusion 

We  have  achieved  simultaneous  two-color  lasing 
with  one  linac  and  two  undulators  of  the  FELL  The 
lasing  wavelengths  are  4.65  and  19.4  pm  and  the 
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spectral  widths  are  0.85%  and  1.06%,  respectively. 
The  average  powers  are  llmW  at  4.65  pm  and 
2mW  at  19.4  pm.  It  is  not  easy  to  expand  the  range 
of  tunability,  normally  an  advantage  of  the  FELs, 
because  the  electron  beam  loses  energy  to  the 
MIR-FEL  at  UND-1  and  its  trajectory  moves  at 
UND-4  according  to  its  energy  loss. 
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Abstract 

Linac-based  UV-FEL  macropulses  were  measured  with  an  Si-photodetector  using  a  144-MeV  electron  beam  from  the 
FELI  linac  at  the  UV-FEL  facility  (FEL-3)  with  a  6.72-m  long  optical  cavity  and  a  2.68-m  (Xu  =  4  cm)  long  undulator. 
The  minimum  rise-time  of  a  350-nm  FEL  macropulse  shape  is  about  8  ps,  while  the  electron  beam  macropulse  continues 
for  17  ps.  A  net  gain  is  estimated  from  the  rise-time  of  the  350-nm  FEL  macropulse  and  a  gain  reduction  due  to  the  filling 
factor  is  also  estimated.  The  estimated  gain  is  19.0%  for  a  144-MeV,  132-A  electron  beam  of  en  =  26  mm  mrad  and  A  E/E 
(FWHM)  =  0.5%.  The  UV-FEL  facility  has  broken  the  world  record  for  the  shortest  wavelength  oscillation  of 
linac-based  FELs  with  a  thermionic  gun  by  reaching  278  nm.  These  parameters  can  be  used  to  find  a  saturation  length  of 
a  SASE  device  in  the  VUV  range.  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Ultraviolet  free  electron  laser  (UV-FEL);  FEL  macropulse  shape;  Gain  estimate;  Filling  factor;  SASE 


1.  Introduction 

The  first  lasings  at  278-370  nm  of  linac-based 
free  electron  lasers  (FELs)  have  been  achieved  by 
using  the  FELI  linac  with  a  thermionic  gun  and  the 
ultraviolet  (UV)  FEL  facility  (FEL-3)  since  Decem¬ 
ber  1995  [1-3].  The  FELI  keeps  a  world  record  of 
the  shortest  wavelength  oscillation  of  linac-based 
FELs.  A  gain  estimate  from  these  UV-FEL  macro¬ 
pulse  shapes  can  be  used  to  find  a  scheme  of  a  self- 
amplified  spontaneous  emission  (SASE)  device  in 
the  VUV  range  [4].  It  seems  to  be  useful  to  check 
the  reliability  of  existing  simulation  codes.  This 
paper  describes  (1)  the  measurement  of  FEL 
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macropulses  at  the  UV-range,  (2)  a  gain  estimate 
from  the  rise-time  of  the  350-nm  FEL  macropulse, 
and  (3)  a  gain  reduction  due  to  the  filling  factor 
considering  the  dimensionless  Rayleigh  length  and 
the  dimensionless  electron  beam  waist  radius  [5]. 

2.  FELI  165-MeV  linac  and  UV-FEL  facility 
(FEL-3) 

Fig.  1  shows  the  layout  of  the  FELI  165-MeV 
linac,  four  S-type  BT  lines  and  four  FEL  facilities 
(FEL-1,  FEL-2,  FEL-3  and  FEL-4).  FEL-3  consists 
of  a  6.72-m  long  optical  cavity  and  a  2.68-m  (Au  = 
4  cm,  N  =  67,  Kmax  —  1.9)  long  undulator  (undula- 
tor-3)  [6].  The  optical  cavity  3  is  of  the  Fabry- 
Perrot  type  which  consists  of  two  mirror  chambers 
and  a  vacuum  duct  connecting  them.  Fig.  2  shows 
(a)  a  bird’s  eye  view  of  the  optical  cavity  3  and 
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FEL  Facility  1  FEL  Facility  2 


FEL  Facility  3 


Thermfnofc  Gun 


Fig.  1.  Layout  of  the  FELI  165-MeV  linac,  S-type  BT  lines  and  four  FEL  facilities. 


Fig.  2.  (a)  Bird’s  eye  view  of  optical  cavity  3  and  (b)  rotating-type  mirror  holder. 


a  rotating  type  mirror  holder.  The  same  method 
used  for  the  case  of  the  MIR-FEL  and  IR-FEL 
facilities  was  used  to  align  the  cavity  mirrors  [7]. 
The  rotating-type  mirror  holder  of  each  mirror 
chamber  can  accommodate  eight  mirrors.  Each 
cavity  mirror  is  a  spherical  and  dielectric  multi¬ 
layer  mirror  of  Ta205/Si02  or  Hf02/Si02.  The 
cavity  loss  per  pass  is  0.5%  (mirror  loss  is  0.1%  and 
extraction  efficiency  is  0.2%  per  mirror  and  0.4% 
per  pass)  [8].  Table  1  shows  the  main  parameters  of 
the  optical  cavity  3. 

The  FELI  144-155-MeV  electron  beam  consists 
of  a  train  of  several  pico-second  (ps),  0.6-nC  elec¬ 
tron  bunches  (micropulses)  repeating  at  22.3125 
MHz.  The  electron  micropulses  usually  continue 


for  24  ps  (macropulse)  and  the  macropulse  repeats 
at  10  Hz. 

The  FELI  6-MeV  injector  with  a  thermionic  gun 
was  carefully  designed  to  reduce  the  emittance 
growth  in  the  bunching  process  from  the  thermi¬ 
onic  gun  (EIMAC  Y646B)  to  a  714-MHz  prebun- 
cher  and  a  2856-MHz  buncher.  The  gun  is  driven 
by  a  22.3125-MHz,  0.5-ns  wide,  150-V  grid  pulser 
(Kentech  Instruments,  Ltd.).  The  short-bunching 
and  strong-focusing  system  of  the  injector  [9]  and 
a  stable  24-ps  RF  pulse  system  [10]  allow  lasing  at 
278  nm  in  spite  of  a  small  signal  gain  of  6%.  The 
gun  injection  voltage  should  be  above  110  kV  and 
the  allowable  focusing  field  range  capable  of  lasing 
is  0.11-0.12  T  near  the  inlet  of  the  buncher.  The 
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Table  1 

Main  parameters  of  optical  cavity  for  FEL  facility  3 


Type 

Optical  mode 

Length 

6.718  m 

Rayleigh  length 

2.0  m 

g  parameter 

-0.44 

-0.49 

Mirror  curvature 

4.656  m 

4.5  m 

Mirror  type 

Multilayer  of  Ta205/Si02 

or  Hf02/Si02 

Reflectivity 

99.6% 

Transmission 

0.4%  (0.2%  per  mirror) 

Intra-cavity  peak  power 

0.9  GW  at  350  nm 

following  seven  accelerating  waveguides  with 
a  length  of  2.93  m  are  of  the  linearly  narrowed  iris 
type  to  prevent  beam  blow  up  (BBU)  effects  at  high 
peak  current  acceleration  [11]. 

The  electron  beam  size  and  position  are  always 
monitored  and  controlled  to  pass  through  the 
center  of  the  accelerating  waveguides,  the  quadru- 
pole  magnets,  the  S-type  BT  line  and  the  UV-FEL 
facility.  The  beam  emittance  is  measured  with  three 
Al-foil  OTR  beam  profile  monitors  installed  in 
a  2.7-m  long  undulator  vacuum  chamber.  Each 
Al-foil  has  a  1-mm  diameter  aperture.  The  S-type 
BT  line  can  focus  nearly  90%  of  the  electron  beam 
to  pass  through  the  1-mm  diameter  aperture.  A  two 
profile  monitor  emittance  measurement  method  is 
used  for  its  simplicity  and  the  short  time  needed  for 
data  acquisition.  The  normalized  emittance  of  the 
144-1 55-MeV  (0.6-nC  micropulse)  beam  is  esti¬ 
mated  to  be  26  mm  mrad. 


3.  UV-FEL  beam  quality  measurement 

A  diagnostic  system  for  UV-FEL  beam  quality 
measurement  is  shown  in  Fig.  3.  The  macropulse 
shapes  are  measured  with  an  Si-photodiode  (Si- 
APD  C5331-04,  Hamamatsu  Photonics,  K.K.)  and 
the  spectra  are  measured  with  a  Czerny-Turner- 
type  monochromater  equipped  with  an  ICCD  cam¬ 
era  (Oriel  Instruments)  with  an  optical  fiber  and 
a  linear  array  sensor  (Intra  Spec  IV).  The  macro¬ 
pulse  power  is  also  measured  with  an  array  of 


Fig.  3.  Visible-  and  UV-FEL  beam  diagnostic  system. 


pyro-electric  detectors  (Type  ED  100,  Gentec).  The 
UV-FEL  micropulse  length  is  measured  with 
a  streak  camera  (Hamamatsu  Photonics,  K.K.). 
The  micropulses  are  usually  1.7  ps  in  length  and  0.8 
ps  in  length  at  a  cavity  de-tuning  condition  [12]. 

The  usual  350-nm  FEL  micropulse  energy  is 
3.1  pJ  and  the  micropulse  peak  power  is  1.8  MW  at 
the  outlet  of  the  multi-layer  mirror  (Ta205/Si02). 
The  intra-cavity  power  is  0.9  GW  and  the  peak 
power  density  at  the  mirror  inner  surface  is  near 
6  GW/cm2  (10mJ/cm2).  The  278-nm  FEL  micro¬ 
pulse  energy  is  0.35  pJ  and  the  peak  power  is 
0.2  MW  at  the  outlet  of  the  multi-layer  mirror 
(Hf02/Si02).  The  peak  power  density  at  the  mirror 
inner  surface  is  one- tenth  of  the  350-nm  FEL  beam. 
Fig.  4  shows  the  micropulse  FEL  peak  powers  and 
the  intra-cavity  peak  powers  of  FEL-3  in  the 
278-600-nm  range.  Peak  power  densities  at  the 
dielectric  multi-layer  mirrors  exceed  the  several 
GW  level  as  shown  in  Fig.  4  so  that  the  mirror  of 
Ta205/Si02  was  damaged  by  X-ray  assisted-FEL 
ablation  within  50  h  of  operation  [8]. 

Fig.  5  shows  a  350-nm  FEL  macropulse  shape 
with  a  17  ps  electron  macropulse.  The  rise-time  of 
the  350-nm  FEL  macropulse  shape  is  nearly  8ps, 
while  the  electron  beam  macropulse  continues  for 
17  ps.  This  means  that  it  takes  8  ps  before  an  intra¬ 
cavity  optical  pulse  reaches  a  saturated  value  and 
that  a  saturation  length  of  a  SASE  device  in  the  UV 
range  is  480  m  ( =  2.68  m  multiplied  by  179) 
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Fig.  4.  Micropulse  FEL  peak  powers  and  intra-cavity  powers  of 
FEL-3. 
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Fig.  5.  350-nm  FEL  macropulse  and  17-ps  electron  macropulse. 


for  a  144-MeV,  132- A  electron  beam  (0.6-nC 
micropulse  train)  with  a  normalized  emittance  of  26 
mm  mrad.  The  electron  beam  macropulse  is  mea¬ 
sured  with  button  monitors  [13]  at  the  entrance  of 
the  undulator-3.  The  UV-FEL  macropulse  length 
is  about  9  ps  and  the  UV-FEL  macropulse  consists 
of  two  hundred  saturated  FEL  micropulses,  since 
the  micropulse  separation  is  44.8  ns. 


4.  Gain  estimate 

The  rise-time  tr  is  defined  as  the  time  needed  to 
reach  a  saturated  value  Is  =  7(tr)  of  an  FEL  intra¬ 
cavity  power  and  is  given  by 

Tr  (|xs)  =  0.67  x  10-2  ln(7s//i)Lc  {m)jgn  (1) 

assuming  that  the  intra-cavity  power  grows  with 
time  according  to  the  exponential  law:  I(t)  = 
I{  Qxp{gnt/Tc)  with  i]  being  the  initial  spontaneously 
generated  power,  gn  the  net  gain,  Tc  the  round-trip 
period  (Tc  =  2 LJc)  and  Lc  the  cavity  length. 

For  all  FELI  FEL  facilities,  Lc  is  6.72  m  long  and 
in  the  case  of  the  MIR-FEL  facility  the  usual  mac- 
ropulse  length  is  18  ps  and  then  the  rise-time  is  6  ps, 
since  the  net  gain  is  near  20%  [14].  Thus,  the 
relation  between  the  rise-time  tr  and  the  net  gain 
gn  is  simplified  as 

tR  (us)  =  1.2 /g„,  (2) 

and  from  Eqs.  (1)  and  (2),  we  obtain  ln(/s//;)  =  27 
and  1JI i  =  5.3  x  1011. 

From  Eq.  (2)  and  tr  =  8  ps  of  the  350-nm 
FEL  macropulse,  we  obtain  the  net  gain 

9n  350  nm  =  15%. 

The  small  signal  gain  is  reviewed  for  an  electron 
beam  passing  through  a  planar  undulator  with  the 
period  length  2U,  the  period  number  N  and  the 
magnetic  field  B0 ,  and  the  beam  is  the  practical 
pulse  beam  with  a  normalized  beam  emittance 
en  and  an  rms  energy  spread  crc. 

The  small  signal  gain  of  a  planar  undulator  for 
the  practical  beam  is  estimated  by  the  following 
equation: 

Gpu  =  C{J0(0  -  J  1(c)}2(/o/377)(22u)1/2Ar2 

x  (K2/ 2)/(l  +  K2/ 2)312  (3) 

where  I0  is  the  peak  current  of  micropulses,  2 
is  the  FEL  wavelength,  and  other  parameters  are 
defined  as  follows:  £  =  {i)(K2/ 2)/(l  +  K2/2), 
K  =  93.4  B0  (T)  2U  (m).  A  gain  reduction  factor 
C  =  CcCeCxCy  was  estimated  for  the  pulse  length 
effect  Cc,  for  energy  spread  Ce  and  for  beam  emit¬ 
tance  CxCy ,  by  many  workers  [6,15,16]. 

However,  as  these  references  do  not  describe 
a  gain  reduction  due  to  the  filling  factor,  it  is  cal¬ 
culated  according  to  the  report  of  Small  et  al.  [5]. 
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The  dimensionless  Rayleigh  length  Z0  =  ZR/LU 
of  the  UV-FEL  facility  is  0.75  from  Table  1.  This 
length  gives  a  90%  of  the  maximum  normalized 
gain,  though  the  average  filling  factor  over  the 
undulator  drops  to  half  of  its  peak  value  at 
Z0  =  0.75.  The  dimensionless  electron  beam  waist 
radius  ax  =  rb(7i/Lu2)1/2  of  this  facility  is  0.74  for  the 
350-nm  FEL,  where  rb(  =  0.4  mm)  is  the  electron 
beam  waist  radius.  This  radius  also  gives  90%  of 
the  maximum  normalized  gain  for  a  normalized 
emittance  beam  of  16  mm  mrad.  The  good  agree¬ 
ment  of  these  gain  reduction  factors  show  that  our 
parameters  on  the  undulator  length  and  the  beam 
waist  radius  have  been  reasonably  selected.  Thus, 
an  estimated  gain  reduction  is  81%.  From  the  net 
gain  of  15%,  the  gain  reduction  of  81%  and  the 
cavity  loss  per  pass  of  0.5%,  we  obtain  an  estimated 
gain  of  19.0%.  The  small  signal  gain  for  the  FELI 
linac  beam  with  a  relative  energy  spread  of  0.5% 
(FWHM)  and  a  normalized  emittance  of  26  mm 
mrad  is  given  as  a  function  of  electron  energy 
(100-180  MeV)  and  gap  length  (15-35  mm)  in 
Ref.  [6].  From  these  data  we  can  estimate  that  the 
small  signal  gain  of  19.0%  can  be  given  by  a  144- 
MeV,  132- A  electron  beam  of  a  relative  energy 
spread  of  0.5%  and  a  normalized  emittance  of 
26  mm  mrad. 


5.  Conclusions 

Linac-based  UV-FEL  macropulse  shapes  have 
been  measured  with  a  silicon  avalanche  photo¬ 
diode.  The  net  gain  gn  is  estimated  from  the  8-jjs 
rise-time  of  the  350-nm  FEL  macropulse  and  is 


given  by  1.2/tr  (ps).  From  this  relation  we  can 
understand  that  the  ratio  IJIi  of  the  saturated 
intra-cavity  power  Is  to  the  initial  spontaneously 
generated  power  I{  reaches  5.3  x  1011  at  lasing  at 
the  FELI  FEL  facilities. 
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Abstract 

The  far-infrared  free  electron  laser  (FEL)  at  the  Institute  of  Scientific  and  Industrial  Research  (ISIR),  Osaka  University 
has  been  upgraded  to  extend  the  wavelength  region  further  to  the  long  wavelength  side.  The  present  modification 
includes  replacement  of  the  optical  resonator  and  installation  of  an  evacuated  optical  transport  line  from  the  FEL  to  the 
measurement  room  as  well  as  installation  of  a  far-infrared  monochromator  for  measuring  the  wavelength  of  FEL  light 
We  recently  started  experiments  using  the  new  FEL  system.  The  loss  of  light  in  the  optical  resonator  was  measured  and  it 
is  experimentally  confirmed  that  the  diffraction  loss  is  reduced  considerably  after  the  upgrade  of  the  optical  resona¬ 
tor.  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  41.60.Cr;  41.85.Lc;  42.25.Fx;  29.17.  +  w 

Keywords:  Free-electron  laser(s);  RF  linac;  Optical  resonator;  Diffraction  loss;  Far-infrared;  Sub-millimeter 


1.  Introduction 

We  have  been  developing  the  far-infrared  free- 
electron  laser  (FEL)  based  on  the  L-band  linac  at 
the  Institute  of  Scientific  and  Industrial  Research, 
Osaka  University  since  1989.  After  we  obtained  the 
first  lasing  in  1994  at  wavelengths  around  40  pm 
[1-3],  we  began  modifying  the  FEL  system  to 
make  it  suitable  for  user  experiments  and  to  extend 
the  wavelength  region  to  the  longer  wavelength 
side  [4].  Modifications  of  the  FEL  system  are  being 
made  step  by  step  so  as  to  maximize  the  FEL  gain 


*  Corresonding  author.  Tel:  -I-  81-6-6879-8485;  fax:  -I-  81-6- 
6879-8489. 

E-mail  address:  isoyama@sanken.osaka-u.ac.jp  (G.  Isoyama) 


and  to  reduce  the  diffraction  loss  of  light  in  the 
optical  resonator  in  the  long  wavelength  region. 
They  include  (i)  remodeling  of  the  wiggler  from 
a  fixed  magnet  gap  type  to  a  variable  one, 
(ii)  modification  of  the  bending  magnets  on  both 
sides  of  the  wiggler  and  replacement  of  the  vacuum 
chambers  for  them  to  enlarge  the  aperture  of  these 
parts  in  the  optical  resonator.  After  these  modifica¬ 
tions,  we  conducted  FEL  experiments  and 
observed  lasing  at  wavelengths  from  21  up  to 
126  pm  [5]. 

We  continue  to  upgrade  the  FEL  system.  In 
order  to  extend  the  wavelength  region  further,  we 
have  replaced  the  mirrors  and  the  mirror  mount 
stages  for  the  optical  resonator  with  new  ones  in 
order  to  reduce  the  diffraction  loss  in  the  long 
wavelength  region.  In  the  previous  experiments,  it 
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was  found  that  FEL  light  could  not  be  detected  at 
many  wavelengths  due  to  absorption  mainly  by 
water  vapor  in  the  air  in  the  optical  transport  line 
from  the  FEL  to  a  measurement  room.  We,  there¬ 
fore,  have  installed  an  evacuated  optical  transport 
line  from  the  FEL  to  the  measurement  room.  In  the 
previous  experiments,  the  wavelength  of  FEL  light 
was  mainly  determined  by  calculation  using  the 
magnet  gap  and  the  electron  energy,  and  the 
wavelength  was  measured  with  a  small  mono¬ 
chromator  once  in  a  while  to  calibrate  the  electron 
energy.  We  have  also  installed  a  far-infrared  spec¬ 
trometer  which  can  be  evacuated.  These  modifica¬ 
tions  of  the  FEL  were  completed  recently  and  we 
began  experimenting  with  the  new  system. 

In  this  paper,  we  will  report  the  upgraded  FEL 
system  and  preliminary  results  of  experiments 
using  the  new  system. 

2.  New  FEL  system 

Fig.  1  schematically  shows  the  L-band  linac  and 
the  new  FEL  system  as  well  as  the  measurement 
system.  The  L-band  linac  has  the  sub-harmonic 
buncher  (SHB)  system  composed  of  two  12th  and 
one  6th  SHBs  in  order  to  produce  an  intense  single 
bunch  beam.  In  FEL  experiments,  the  electron 
beam  with  a  peak  current  of  0.6  A  is  injected  from 


a  thermoionic  gun  with  a  cathode  area  of  3  cm2 
(EIMAC,  YU- 156)  into  the  SHB  system,  and  the 
second  12th  and  the  6th  SHBs  are  powered  to  make 
an  electron  beam  having  the  macropulse  duration 
of  1.8  ps  and  micropulse  intervals  of  9.2  ns.  Then 
the  electron  beam  is  accelerated  to  10-19  MeV.  The 
main  characteristics  of  the  electron  beam  are  listed 
in  Table  1.  The  electron  beam  is  transported 
through  the  achromatic  beam  transport  line  to  the 
FEL  system.  The  main  parameters  of  the  FEL 
system  are  listed  in  Table  2.  The  wiggler  is  a  planar 
type.  The  magnet  gap  of  the  wiggler  can  be  varied 
from  30  to  120  mm,  for  which  K  =  0.013-1.472.  By 
changing  the  electron  energy  from  10  to  19  MeV 
and  the  magnet  gap  from  30  to  120  mm,  it  is  pos¬ 
sible  to  cover  the  wavelength  region  from  20  to 
200  pm  with  the  fundamental  peak. 

2.1.  Optical  resonator 

The  original  mirror  mount  stages  for  the  optical 
resonator  had  some  technical  problems;  the  angu¬ 
lar  stability  of  the  mount  stages  was  not  good 
enough  and  only  the  cavity  length  could  be  remote¬ 
ly  controlled.  The  latter  problem  restricts  freedom 
to  conduct  experiments  over  the  wide  range  of  the 
undulator  gap  and  the  electron  energy.  For 
example,  the  axis  of  the  optical  resonator  has  to  be 
horizontally  shifted  as  the  magnet  gap  of  the 
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Fig.  1.  Schematic  layout  of  the  ISIR  L-band  linac  and  the  upgraded  FEL  system.  The  mirrors  and  the  mirror  mount  stages  in  the  optical 
resonator  were  replaced  with  new  ones  with  larger  aperture.  The  evacuated  optical  transport  line  from  the  FEL  to  the  measurement 
room  and  the  evacuated  far-infrared  spectrometer  were  newly  installed. 
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Table  1 

Main  parameters  of  the  electron  beam 

Energy 

10-19  MeV 

Accelerating  frequency 

1300  MHz 

Bunch  spacing 

9.2  ns 

Charge/bunch 

2  nC 

Peak  current/bunch 

50  A 

Bunch  length 

20-30  ps 

Macropulse  length 

1.8  pis 

Normalized  emittance 

YU-156 

200tt  mm  mrad 

Table  2 

Main  parameters  of  the  wiggler  and  the  optical  resonator 

Wiggler 

Magnet 

Nd-Fe-B 

Length 

1920  mm 

Number  of  periods 

32 

Magnet  gap 

30-120  mm 

K-value 

0.013-1.472 

Optical  resonator 

Cavity  length 

5531  mm 

Radii  of  mirrors 

Ml 

3385  mm 

M2 

2877  mm 

Rayleigh  range 

1000  mm 

Waist  radius 

5.6  mm  (at  100  pm) 

wiggler  is  varied  so  that  the  electron  beam  moves 
along  the  axis  of  the  optical  resonator.  We,  there¬ 
fore,  have  replaced  the  mirror  mount  stages  with 
new  ones  which  have  higher  angular  stability  and 
can  be  fully  remotely  controlled.  At  this  opportun¬ 
ity,  the  vacuum  chambers  near  the  mirror  mount 
stages  and  the  mirrors  have  been  also  replaced  with 
new  ones  in  order  to  reduce  the  diffraction  loss 
further. 

The  new  mirror  mount  stages  made  by  Micro- 
Controle  have  three  degrees  of  freedom  to  position 
the  mirror  and  two  degrees  of  freedom  for  adjust¬ 
ment  of  the  tilts  of  the  mirror,  and  all  the  move¬ 
ments  are  remotely  controllable.  The  effective 
diameter  of  the  mirrors  is  increased  from  60  to  80 
mm.  A  result  of  a  simulation  based  on  an  open 
resonator  model  shows  that  the  diffraction  loss  at 
150  pm  will  be  reduced  from  22%  to  15%  by  the 


change  of  mirrors.  The  vacuum  chambers  near  the 
mirror  mount  stages  and  outside  of  the  bending 
magnets  shown  in  Fig.  1  have  been  replaced  with 
new  ones  with  the  inner  diameter  of  95  mm. 

2.2.  Optical  transport  line 

In  the  original  system,  laser  light  was  taken  from 
the  optical  resonator  through  a  3  mm  hole  in  the 
downstream  mirror  and  transported  in  the  air  to 
the  measurement  room.  In  order  to  make  the  light 
transport  line  simple  in  the  new  system,  laser  light 
is  taken  out  through  a  3  mm  hole  in  the  upstream 
mirror  as  shown  in  Fig.  1.  The  optical  transport 
system  consists  of  two  mirror  chambers  and 
a  straight  pipe  with  an  inner  diameter  of  100  mm 
which  goes  through  the  concrete  shield  wall  of 
3  m  thick  between  the  linac  and  the  measurement 
rooms.  The  light  transport  system  is  evacuated  with 
a  rotary  pump.  Laser  light  coming  through  the  hole 
in  the  mirror  goes  into  one  of  the  mirror  chamber 
through  a  window  at  the  entrance  of  the  chamber, 
separating  the  higher  vacuum  in  the  optical  resona¬ 
tor  and  the  lower  vacuum  in  the  transport  system. 
The  window  is  a  synthesized  diamond  plate  of 
20  mm  in  diameter  and  0.2  mm  thick,  which  has 
constant  transmittance  of  approximately  70%  in 
all  the  spectral  regions  longer  than  the  ultraviolet 
except  for  small  absorption  around  5  pm.  In  the 
mirror  chambers,  there  is  a  pair  of  plane  and  con¬ 
cave  mirrors  coated  with  gold.  One  of  the  mirrors 
can  be  adjusted  from  the  outside  of  the  mirror 
chamber  by  mechanical  coupling  to  steer  light  after 
evacuation.  The  concave  mirror  in  the  mirror 
chamber  of  the  measurement  room  focuses  light 
onto  the  entrance  slit  of  the  spectrometer,  which  is 
connected  to  the  optical  transport  system  with  no 
window. 

2.3.  Spectrometer  and  detectors 

A  grating-type  far-infrared  spectrometer  is  used 
to  monochromatize  laser  light.  It  is  a  cross 
Czerny-Turner  type  monochromator  with  an  effec¬ 
tive  aperture  ratio  of//4.0.  Two  spherical  mirrors 
with  a  focal  length  of  500  mm  are  used  as  collimat¬ 
ing  and  focusing  mirrors.  They  are  square  mirrors 
of  120  x  120  mm2.  A  plane  reflective  grating  with 
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7.9  grooves/mm  (Milton  Roy)  is  used,  which  has 
a  square  shape  of  64  x  64  mm2  and  the  blaze 
wavelength  of  112.5  pm.  The  monochromator  can 
be  used  in  the  wavelength  region  from  70  to  160  pm 
with  the  grating.  Spectral  resolution  is  dependent 
on  the  measured  wavelength  and  the  slit  width,  and 
it  is  ~  0.6  pm  in  the  present  experiments.  A  turn¬ 
table  for  scanning  of  wavelength  is  driven  with 
a  pulse  motor,  which  is  remotely  controlled  with 
a  personal  computer.  The  monochromator  is 
evacuated  with  the  same  rotary  pump  through  the 
optical  transport  line.  The  monochromatized  light 
is  taken  out  through  a  single  crystal  quartz  window 
of  2  mm  thick  to  the  air,  and  detected  with  a  Ge:Ga 
photoconductive  detector  cooled  with  liquid  he¬ 
lium,  which  is  placed  closed  to  the  window.  Teflon 
sheets  are  inserted  in  front  of  the  detector  as  an 
attenuator  to  avoid  saturation  of  the  output  signal 
when  necessary. 

The  Ge:Ga  detector  has  the  highest  sensitivity 
around  105  pm  and  the  sensitivity  drops  steeply  as 
the  wavelength  increases.  It  is  approximately  10% 
of  the  peak  value  at  140  pm.  The  detector  has  the 
short  wavelength  cut-off  filter  below  50  pm.  There¬ 
fore  the  sensitivity  of  the  detector  ranges  from  50  to 
140  pm.  We  used  two  kinds  of  Ge:Ga  detectors. 
One  is  a  so-called  slow  detector,  which  has  the  high 
detection  sensitivity  but  has  the  slow  time  response. 
We  used  this  detector  for  measuring  the  spectrum 
of  FEL.  The  other  is  a  fast  detector  for  measuring 
the  time  evolution  of  FEL  light. 


3.  Experimental  results  and  discussions 

After  completing  the  upgrade  of  the  FEL  system, 
we  conducted  FEL  experiments  in  the  sub-milli¬ 
meter  wavelength  region.  The  electron  energy  was 
decreased  to  approximately  12MeV.  Laser  light 
coming  through  the  monochromator  was  detected 
with  the  slow  detector.  An  example  of  the  measured 
FEL  spectrum  is  shown  in  Fig.  2.  A  time-integrated 
value  of  the  output  signal  was  taken  as  the  intensity 
of  the  light.  The  error  bars  shown  in  Fig.  2  are 
mostly  due  to  fluctuation  of  the  light  intensity  and 
not  by  measuring  errors.  The  peak  wavelength  in 
Fig.  2  is  98.5  pm  and  the  spectral  width  is  2.1  pm 
(FWHM).  The  measured  relative  bandwidth  of 


Fig.  2.  FEL  spectrum  as  a  function  of  the  wavelength.  The 
dashed  line  is  a  fitted  Gaussian  distribution.  The  peak 
wavelength  is  98.5  pm  and  the  spectral  width  is  2.1  pm  (FWHM). 
The  error  bars  are  due  to  fluctuation  of  the  light  intensity. 


Fig.  3.  The  loss  of  light  in  the  optical  resonator  as  a  function  of 
the  wavelength.  The  open  and  the  solid  circles  are  the  loss  after 
and  before  the  upgrade  of  the  mirror  system  in  the  optical 
resonator,  respectively.  The  diffraction  loss  is  reduced  consider¬ 
ably  after  the  upgrade. 


2.2%  is  smaller  than  the  homogeneous  band¬ 
width  of  the  spontaneous  emission,  ~  1/N  =  3.2%, 
where  N  is  the  number  of  wiggler  period,  due  to  the 
FEL  oscillation. 

The  time  evolution  of  FEL  light  was  measured 
with  the  fast  detector,  and  the  gain  and  the  loss 
were  derived  from  the  time  spectrum.  The  mea¬ 
sured  loss  of  light  in  the  optical  resonator  is  shown 
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as  a  function  of  the  wavelength  in  Fig.  3.  The  solid 
circles  show  the  loss  measured  before  the  present 
upgrade  and  the  open  circles  after  the  upgrade. 
Since  the  monochromator  was  not  used  in  these 
measurements,  the  wavelength  of  light  was  derived 
from  the  electron  energy  and  the  iC-value  of  the 
wiggler.  The  electron  energy  measured  with  a  mo¬ 
mentum  analyzer  using  a  dipole  magnet  was  calib¬ 
rated  with  wavelength  measurements  with  the 
monochromator  at  some  wavelengths.  It  was  ex¬ 
perimentally  confirmed  that  owing  to  the  present 
upgrade  of  the  optical  resonator  the  loss  was  con¬ 
siderably  reduced. 
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Abstract 

In  this  paper  we  present  the  result  of  the  deep-UV  lasing  with  the  OK-4/Duke  storage  ring  FEL.  The  OK-4  FEL  was 
initially  commissioned  at  Duke  Free  Electron  Laboratory  in  November  1996  followed  by  a  yearlong  shutdown.  After 
re-establishing  the  storage  ring  operation  in  early  1998,  the  OK-4  FEL  lasing  was  demonstrated  in  the  wavelength  range 
of  226-256  nm  in  April  1998.  The  OK-4  FEL  successfully  lased  from  217  nm  to  235  nm  in  August  1998.  A  number  of 
lasing  modes  with  electron  energies  ranging  from  300  to  750  MeV  have  been  established  to  accommodate  application 
researches.  Starting  September  1998,  the  coherent  deep-UV  radiation  is  used  for  applications  in  surgery,  cell  biology, 
surface  physics,  and  nuclear  physics.  ©  1999  Published  by  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Deep-UV  Lasing;  Storage  ring;  Lasing  modes 


1.  Introduction 

The  OK-4/Duke  storage  ring  FEL  has  been  in 
development  since  April  1992  when  the  Duke  FEL 
Laboratory  (DFELL)  and  Budker  Institute 
of  Nuclear  Physics  (BINP,  Novosibirsk  Russia) 
signed  a  Memorandum  of  Understanding  on 
collaborative  research  in  development  of  the 
XUV  FEL  [1].  The  OK-4  FEL,  previously 
employed  for  the  visible  and  the  UV  lasing  at 
the  VEPP-3  storage  ring  [2,3],  was  moved 
to  the  DFELL  in  May  of  1995.  In  1998,  the  owner- 
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ship  of  the  OK-4  FEL  was  transferred  to  the  Duke 
University. 

The  OK-4/Duke  storage  ring  FEL  demonstrated 
the  first  lasing  in  the  near  UV  and  the  visible  (from 
345  to  413  nm)  during  its  commissioning  in  No¬ 
vember,  1996  [4].  Following  the  initial  lasing,  the 
coherent  radiation  of  the  OK-4  FEL  was  used  for 
production  of  nearly  monochromatic  y-rays  via 
Compton  back-scattering  [5].  By  the  end  of  1996, 
the  Duke  storage  ring  was  shut  down  for  recon¬ 
ditioning  one  of  the  klystrons  used  for  its  250  MeV 
linac-injector.  The  year  of  1997  saw  just  a  few 
sporadic  operations  of  the  Duke  storage  ring  with¬ 
out  serious  attempts  to  lase  at  short  wavelengths. 
The  first  quarter  of  1998  was  spent  on  the  demon¬ 
stration  experiments  in  surface  physics  using  tun¬ 
able  spontaneous  radiation  [13]  and  on  the 
demonstration  of  full  tunability  of  the  OK-4 
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spontaneous  radiation  as  required  by  our  funding 
agency  [6].  To  extend  the  capabilities  of  the 
application  research,  a  two-story  user  facility  -  the 
Keck  Life  Science  Laboratory  was  scheduled  to 
start  construction  in  the  second  quarter  of  1998. 
The  construction  of  this  facility  adjacent  to  the 
main  FEL  building  forced  a  three-month  acceler¬ 
ator  shutdown  due  to  the  modification  of  the  radi¬ 
ation  shielding  in  the  initial  phase  of  the 
construction.  Taking  advantage  of  a  two-day  op¬ 
eration  window  in  April  1998  prior  to  the  construc¬ 
tion  shutdown,  we  demonstrated  the  OK-4  FEL 
tunability  from  226  to  256  nm  and  also  tested  the 
operation  of  the  newly  built  gain  modulator.  We 
produced  giant  pulses  with  peak  power  sufficient  to 
drill  tiny  holes  with  diameter  of  approximately 
50  pm  through  a  piece  of  plastic. 

After  the  three-month  construction  shutdown, 
efforts  were  devoted  to  improving  the  setup  of  the 
linac-injector  as  well  as  the  reliability  of  this  system. 
A  more  powerful  N2-laser  with  time  jitter  less  than 
1  ns  was  installed  to  allow  the  single-bunch  mode 
of  injection.  An  attempt  in  late  July  1998  to  lase 
around  193  nm  yielded  no  success. 

A  set  of  mirrors  with  the  central  wavelength  of 
225  nm  was  installed  on  10  August  1998.  During 
the  following  two  operation  shifts,  the  OK-4  FEL 
lased  and  was  tuned  between  217  and  235  nm.  This 
set  of  mirrors  degraded  rather  quickly  in  a  couple 
of  weeks  and  became  unusable.  Since  the  245  nm 
mirrors  with  Hf02/Si02  dialectic  coating  [2] 
showed  little  degradation  of  reflectivity  during  their 
initial  use,  they  have  been  installed  and  currently 
provide  the  laser  beam  for  the  application  research. 

In  Section  2  we  briefly  describe  the  recent  modifica¬ 
tions  of  the  OK-4/Duke  storage  ring  FEL  and  para¬ 
meters  used  for  the  above  experiments.  In  Section 

3  we  present  the  results  of  the  OK-4  lasing  around 
245  and  225  nm  as  well  as  a  summary  of  an  unsuc¬ 
cessful  attempt  to  lase  around  193  nm.  In  Section 

4  we  discuss  the  strategy  for  further  advance  to¬ 
wards  the  VUV  lasing  using  the  Duke  storage  ring. 


2.  The  OK-4/Duke  storage  ring  FEL 

The  layout  of  the  Duke  storage  ring  with  the 
OK-4  FEL  as  well  as  most  of  the  parameters  has 


been  presented  in  our  previous  publications  [7-9]. 
The  recent  developments  of  the  Duke  storage  ring 
involved  the  installation  of  34  units  of  Bergoz  BPM 
electronics,  the  new  timing  system,  the  gain  modu¬ 
lator  [10],  the  NIST  wiggler  [11],  and  a  new  nitro¬ 
gen  laser  for  single-bunch  injection.  We  have  also 
acquired  a  UV  Hamamatsu  streak  camera  with 
a  2  ps  resolution  for  both  the  storage  ring  and  the 
OK-4  FEL  diagnostics. 

2.1.  Duke  storage  ring 

The  installation  of  the  NIST  undulator  [11]  and 
its  vacuum  chamber  had  affected  both  the  broad¬ 
band  impedance  and  the  dynamic  aperture  of  the 
Duke  storage  ring.  The  impedance  of  the  vacuum 
chamber  increased  by  about  A Zn/n  ~  0.5  £L  Be¬ 
cause  of  strong  uncompensated  fields,  the  NIST 
undulator  when  in  operation  reduced  the  dynamic 
aperture  significantly  at  injection  energy  and  pro¬ 
hibited  any  good  injection.  In  order  to  minimize 
these  impacts,  we  keep  the  “jaws”  of  the  NIST 
undulator  opened  to  the  maximum  during  regular 
operations. 

In  July  1998  we  installed  34  Bergoz  electronic 
units  for  beam  position  monitoring  with  2-10  pm 
resolution.  The  diagnostics  for  closed  orbit 
measurements  in  the  Duke  storage  ring  are  still 
under  development.  A  set  of  software  tools  will 
have  to  be  developed  to  utilize  the  full  potential  of 
the  new  orbit  measurement  system.  Using  a  pro¬ 
gram  currently  available  we  were  able  to  visualize 
the  orbit,  therefore,  to  speed-up  the  alignment  of 
the  electron  beam  in  the  OK-4  FEL.  This  system 
finally  ended  an  era  during  which  the  OK-4  FEL 
lasing  was  achieved  blindfolded. 

In  July  1998  we  improved  the  performance  of  the 
250  MeV  linac-injector,  especially  by  installing 
a  new  nitrogen  laser  with  a  larger  energy  per  shot 
and  low  timing  jitter  (less  than  1  ns)  for  single¬ 
bunch  injection.  At  present,  this  system  is  capable 
of  injecting  0.5  mA  per  shot  into  the  desirable  RF 
bucket  of  storage  ring  with  no  spills.  The  main 
problem  with  the  previous  nitrogen  laser  was  a  low 
injection  current  (  ~  50-100  pA/shot)  and  spills 
into  nearby  RF  buckets  due  to  a  large  time  jitter. 
A  reasonable  injection  rate  allowed  us  to  study  the 
single-bunch  current  limitation  in  the  Duke  storage 
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Table  1 

Typical  Duke  storage  ring  parameters  for  the  deep-UV  lasing 


Comments 

Electron  energy  (GeV) 

0.3-0.75 

depending  on  user  demand 

RF  voltage  (178  MHz),  kV 

200 

for  April  1998  run3 

200-550 

for  July/August  1998  runs 

Number  of  electron  bunches 

1 

standard  users 

2 

y-rays  production 

Beam  current  (mA),  per  bunch 

4-8 

Broad  band  impedance,  Z„/n(Q) 

3.25  ±  0.25 

Typical  lifetime  with  laser  on  (hs)b 

2 

at  0.7  GeV 

aA  temporary  set-up  without  the  RF  circulator  limited  the  maximum  RF  voltage  to  200  kV. 
bLifetime  is  presently  limited  by  a  poor  vacuum  in  the  arcs.  We  plan  to  address  this  problem  next  year. 


ring.  At  present,  the  maximum  stored  current  in 
a  single-bunch  mode  is  limited  to  12  mA.  The  max¬ 
imum  stored  current  in  the  single-bunch  varies 
daily  and  can  be  as  low  as  5  mA/bunch.  Above  this 
threshold,  the  electron  beam  develops  vertical  in¬ 
stability  causing  the  beam  loss.  This  threshold 
value  does  not  exhibit  strong  dependence  on  the 
global  parameters  such  as  chromaticity  or  betatron 
tunes.  It  depends  mostly  on  the  beam  orbit  and  on 
the  positions  of  high-order  mode  tuners  in  the  RF 
cavity.  We  are  currently  studying  the  nature  of  this 
single-bunch  instability  so  that  more  current  can  be 
stored  in  the  single-bunch. 

The  OK-4  deep-UV  lasing  has  been  realized  at 
a  set  of  different  beam  energies.  Generally,  lasing  is 
easier  to  achieve  and  is  more  stable  when  operating 
at  higher  e-beam  energies  (i.e.  from  500  to 
750  MeV).  We  attribute  this  effect  to  a  better  stabil¬ 
ity  of  the  electron  beam  and  power  supplies.  A  set 
of  typical  Duke  storage  ring  parameters  used  for 
lasing  is  listed  in  the  Table  1. 

2.2.  OK-4  FEL  magnetic  system  and  its  optical 
cavity 

The  OK-4  FEL  comprises  of  two  electromag¬ 
netic  wigglers  (each  3.5  m  long),  an  electromagnetic 
buncher  located  between  wigglers  and  a  53.7-m 
long  optical  cavity.  The  general  description  of  this 
system  can  be  found  in  our  earlier  publications 
[4,7-9],  while  the  feedback  and  control  system  for 
the  OK-4  FEL  optical  cavity  is  described  in  detail 
in  Ref.  [12].  The  main  change  to  the  OK-4/Duke 


FEL  since  initial  operation  in  1996  was  the  installa¬ 
tion  and  commissioning  of  the  gain  modulator  for 
production  of  giant  pulses.  The  gain  modulator 
displaces  the  electron  beam  orbit  from  the  axis  of 
the  optical  cavity  to  stop  lasing.  The  absence  of  the 
lasing  provides  for  electron  beam  cooling  towards 
its  natural  energy  spread.  After  cooling  for  a  few 
damping  times,  the  gain  modulator  returns  the 
cooled  electron  beam  back  onto  the  optical  axis 
adiabatically  to  generate  a  giant  pulse.  With 
a  beam  current  of  4-8  mA/bunch,  the  giant  pulse 
has  a  typical  macropulse  duration  of  100-200  ps. 
This  process  is  repeated  with  a  rate  of  1-30  Hz, 
depending  on  the  damping  time. 

Rather  large  value  of  broadband  impedance  and 
a  low  value  of  compaction  factor  (ac  =  0.0086)  of 
the  Duke  storage  set  a  threshold  of  microwave 
instability  at  about  0.1  mA/bunch  at  700  MeV. 
With  typical  electron  beam  parameters  used  for  our 
experiments,  the  start-up  gain  is  defined  by  well- 
developed  microwave  instability:  gain  ni3vn6. 
As  shown  in  Fig.  1,  the  gain  depends  weakly  on  the 
beam  current  and  the  typical  value  of  the  gain  is 
5-10%  per  pass  in  the  deep-UV  range  for  the  set  of 
e-beam  parameters  listed  above. 

We  heavily  utilized  the  OK-4  diagnostics  system 
for  optimization  and  attainment  of  the  maximum 
OK-4  gain.  In  order  to  optimize  the  gain,  we 
matched  the  strength  of  the  OK-4  buncher  with  the 
e-beam  energy  spread.  We  relied  on  a  fully  auto¬ 
mated  spectrum  measurement  system  to  verify 
both  the  optimal  setting  of  the  OK-4  magnetic 
system  as  well  as  the  quality  of  the  electron  beam. 
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Calculated  gain  of  the  OK- 4/Duke  FEL  at  217  nm, 


Fig.  1.  Typical  calculated  dependence  of  the  OK-4/Duke  FEL 
gain  on  the  electron  current  per  bunch.  We  used  broad-band 
impedance  of  ZJn  —  3.250  for  this  calculations. 


Spontaneous  radiation  from  the  OK- 4  FEL 
(through  the  mirror) 


Fig.  2.  A  typical  measured  spontaneous  radiation  spectrum  of 
the  OK-4/Duke  FEL.  The  depth  of  the  fine  structure  (neighbor¬ 
ing  min/max  ~  0.245)  is  optimized  for  the  maximum  OK-4  FEL 
gain.  The  OK-4  wigglers  were  tuned  for  the  wavelength, 
X  =  222.47  nm,  the  buncher  was  tuned  to  a  slippage  NdX  with 
]Vd  =  141.25  and  the  total  slippage  was  (iVw  +  Nd)X  where 
Nw  —  33.5  is  the  number  of  periods  in  each  of  the  OK-4  wigglers. 


Fig.  2  shows  a  typical  spectrum  of  spontaneous 
radiation  with  optimal  tuning  of  the  OK-4  for 
a  maximum  gain  at  222  nm.  We  calibrated  the  UV 
monochromator  using  those  well-known  lines  in 
the  Hg  lamp  spectrum  to  ensure  a  measurement 
accuracy  of  better  than  +0.1  nm.  These  proced¬ 


ures  are  proved  to  be  very  fruitful  -  the  measured 
gain  of  the  OK-4/Duke  FEL  was  very  close  to 
predicted  values. 

A  Hamamatsu  deep-UV  streak  camera  with 
a  2  ps  resolution  has  been  used  for  optimization  of 
the  RF  cavity  operation  via  the  proper  setting  se¬ 
lections  for  the  RF  high-order  mode  tuners.  It  has 
also  been  used  for  synchronization  of  the  electron 
beam  with  the  optical  beam,  i.e.  matching  of  their 
round  trip  times.  Changing  the  revolution  fre¬ 
quency  provided  means  for  fine-tuning  of  the  lasing 
conditions. 


2.3.  Mirrors 

We  have  used  three  types  of  mirrors  with  central 
wavelengths  of  245,  225  and  193  nm,  respectively. 
The  mirror  substrates  are  made  of  UV  fused  silica 
with  27.46  m  radii  of  curvature.  The  substrates 
were  custom  made  by  Lumonics  Optics  Group 
(Ontario,  Canada).  Lumonics  produced  the  multi¬ 
layer  coatings  for  245  nm  (Hf02/Si02)  and  225  nm 
(Al203/MgF2)  mirrors,  while  Acton  Research  Cor¬ 
poration  produced  coatings  for  193  nm. 

We  had  expected  the  OK-4  FEL  to  lase  in  all 
three  wavelength  ranges  since  the  measured  initial 
losses  of  these  mirrors  were  all  below  the  OK-4 
gain.  However,  the  losses  of  193  nm  mirrors  in¬ 
creased  dramatically  due  to  exposure  to  the  OK-4 
spontaneous  radiation.  So  far,  we  have  failed  to  lase 
around  193  nm.  The  degradation  of  the  225  nm 
mirrors,  due  to  the  same  effect,  has  limited  their 
useful  lifetime  to  a  couple  of  weeks. 

To  monitor  the  degradation  of  the  mirrors,  we 
measure  the  cavity  losses  routinely  by  measuring 
the  cavity  ring-down  time.  We  used  this  method  to 
measure  dependence  of  the  round-trip  losses  on  the 
wavelength.  By  measuring  the  cavity  losses  at  the 
threshold  of  lasing,  we  are  able  to  obtain  the  OK-4 
gain  (see  Figs.  3  and  4  for  details). 

With  Hf02  top  layer  coating,  the  245  nm  mirrors 
hold  quite  well  after  more  than  4  weeks  of  lasing 
operations  with  about  0.5  amp-h  of  exposure.  Our 
experiments  with  245  nm  mirrors  confirmed  our 
expectations  [2]  that  the  use  of  Hf02  as  a  top  layer 
provides  for  good  radiation  resistance. 
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OK- 4/Duke  SR  FEL 


Fig.  3.  Tunability  of  the  OK-4/Duke  FEL  measured  in  April  1998: 226-265  nm.  The  thick-solid  curve  shows  measured  round  trip  losses 
and  thin  curves  show  samples  of  measured  spectra  with  a  1 .98  mA  single-bunch  electron  beam  at  500  MeV  and  200  kV  RF  voltage.  The 
stop-band,  i.e.  the  shortest  or  the  longest  attainable  lasing  wavelength  defines  the  level  of  the  FEL  gain  at  this  wavelength.  This  graph 
indicates  that  the  OK-4  FEL  gain  is  larger  than  6.9%  per  pass  with  the  above  beam  parameters. 


3.  Deep-UV  operations  with  the  OK-4/Duke 
storage  ring  FEL 

During  1998,  we  had  attempted  to  lase  with 
OK-4  FEL  in  three  distinctive  deep-UV  spectrum 
ranges: 

-  Successful  lasing  within  226-256  nm  range, 
16-17  April  1998; 

-  Unsuccessful  lasing  attempt  around  193  nm,  20 
July-28  July,  1998; 

-  Successful  lasing  within  217-232  nm  range, 
11-12  August  1998. 

It  is  worth  noting  that  lasing  at  both  226  and 
217  nm  in  April  and  August  1998  established  new 
shortest  wavelength  records  for  free-electron  lasers. 

3.1.  Lasing  around  245  nm 

Initial  lasing  was  achieved  rather  easily  at  both 
500  and  700  MeV  due  to  small  round-trip  losses  of 


just  above  1%  at  245  nm.  Focused  on  obtaining 
the  shortest  lasing  wavelength,  we  demonstrated 
a  tuning  range  of  226-256  nm.  The  available  gain  of 
the  OK-4  FEL  would  have  allowed  a  full  tunability 
of  226-265  nm  (16%)  with  this  set  of  mirrors 
(Fig.  3).  Transparency  of  these  mirrors  grows  dras¬ 
tically  and  makes  lasing  far  beyond  this  range 
unrealistic. 

Since  the  245  nm  mirrors  are  rather  stable,  we 
are  using  them  for  our  pilot  user  program  [8], 
which  supports  the  photoemission  electron  micros¬ 
copy  [14],  cell  biology,  UV  surgery  and  nuclear 
physics  experiments.  The  OK-4  FEL  lasing  has 
been  achieved  at  different  energies  from  300  to 
800  MeV.  Operating  the  OK-4  at  different  energies 
allows  us  to  optimize  the  user-requested  para¬ 
meters  such  as  the  average  out-coupled  power, 
peak  power,  out-coupled  energy  in  macropulse, 
or  energies  of  y-rays.  For  example,  by  operating 
the  storage  ring  between  300  and  750  MeV, 


V.  STORAGE  RING  FELs 


156 


V.N.  Litvinenko  et  at  /  Nuclear  Instruments  and  Methods  in  Physics  Research  A  429  (1999)  151-158 


The  OK-  4/Duke  SR  FEL 
Gth,  %  Loss  curve,  lasing  lines 


Wavelength,  nm 

Fig.  4.  Tunability  of  the  OK-4/Duke  FEL  measured  in  August  1998:  217-235  nm.  The  thick-solid  curve  shows  measured  round  trip 
losses  and  transparencies  of  the  mirrors;  thin  curves  show  samples  of  measured  spectra  with  a  1.50  mA  single-bunch  electron  beam  at 
500  MeV  and  200  kV  RF  voltage.  This  graph  indicates  that  the  OK-4  FEL  gain  is  larger  than  6.5%  per  pass  with  the  above  beam 
parameters. 


monochromatic  y-ray  beams  in  the  energy  range  of 
6-45  MeV  were  produced. 

In  September  1998  a  100  mW  of  average  laser 
power  per  mirror  was  out-coupled  from  the  245  nm 
mirrors  using  700  MeV  electron  beam  with  16  mA 
average  current  in  two  bunches.  Turning  on  the 
gain  modulator,  giant  pulses  with  50-200  ps  dura¬ 
tion  were  generated  at  a  maximum  rep  rate  of 
30  Hz  with  0.25-0.4  mJ  per  macropulse  per  mirror 
and  a  peak  out-coupled  power  of  about  0.3  MW. 
The  transparency  of  these  mirrors  is  too  low  for  the 
optimized  out-coupling.  At  the  central  wavelength 
of  245  nm,  the  mirror  transparency  of  0.035%  and 
initial  loss  of  0.47%  provide  an  outcoupling  effi¬ 
ciency  less  than  8%.  Even  though  the  245  nm  mir¬ 
rors  coated  with  Hf02/Si02  are  very  stable  and 
radiation  resistive,  in  the  long  run  their  losses  tend 
to  grow  to  about  1%  per  mirror  [2],  which  will 
further  reduce  the  extraction  efficiency.  We  have 
recently  ordered  a  new  set  of  mirrors  with  transpar¬ 
ency  of  0.5-0.75%  at  the  central  wavelength  for 
better  extraction  efficiency. 


The  evaluation  of  the  OK-4/Duke  FEL  perfor¬ 
mance  in  this  range  of  spectra  will  be  completed  by 
the  end  of  1998  and  we  plan  to  publish  a  detailed 
description  of  OK-4  FEL  parameters  in  a  future 
paper. 

3.2.  Lasing  around  225  nm 

Mirrors  with  central  wavelength  of  225  nm 
(Al203/MgF2)  were  stable  enough  to  support  the 
OK-4  FEL  operation  for  six  days.  Losses  increased 
almost  immediately  to  4-4.5%  per  pass  at  the  cen¬ 
tral  wavelength  and  then  increased  gradually  to 
about  20%  per  pass  after  six  days  of  exposure. 
Attainment  of  the  lasing  in  the  OK-4  was  difficult 
because  of  rather  high  initial  losses.  First  lasing  was 
achieved  after  8  h  of  tuning  both  the  OK-4  and 
Duke  storage  ring  at  500  MeV.  We  demonstrated 
lasing  and  tunability  within  the  217-231  nm 
wavelength  range  on  11  August  1998  (see  Fig.  4) 
with  2-3mA/bunch  beam  current  at  500  MeV. 
Later  we  also  demonstrated  lasing  at  700  MeV, 
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OK  -  4/DSR  FEL:  Natural  lasing  line  at  218.65  nm 


Fig.  5.  One  of  the  measured  time-averaged  spectra  of  the  OK-4/Duke  FEL  lasing  in  the  deep-UV.  The  linewidth  depends  on  the  setting 
of  the  OK-4  buncher  as  well  as  on  the  de-tuning  from  synchronism. 


which  sped  up  the  degradation  of  the  mirror.  In 
spite  of  high  cavity  losses,  we  were  capable  of  lasing 
with  narrow  lasing  lines  typical  for  the  OK-4  FEL 
operation.  One  of  measured  lasing  lines  with 
a  FWHM  of  0.01%  is  shown  in  Fig.  5. 

3.3 .  Lasing  attempt  193  nm 

We  tried  to  lase  around  193  nm  using  high  reflec¬ 
tive  coatings  made  by  Acton  Research  Corpora¬ 
tion.  Initial  reflectivity  of  the  193  nm  mirrors  was 
about  98%,  which  set  initial  threshold  gain  at  4% 
per  pass.  Unfortunately,  the  193  nm  mirrors  de¬ 
graded  faster  than  we  could  manage  to  tune  the 
OK-4  FEL  for  lasing.  After  three  shifts,  the  round 
trip  losses  increased  to  32%  per  pass  at  193  nm, 
which  forced  us  to  abandon  the  lasing  attempt. 


4.  Future  plans  to  advance  below  200  nm 

It  becomes  rather  transparent  from  our  experi¬ 
ence  that  standard  dielectric  coatings  below 


240  nm  deteriorate  very  quickly  in  the  presence  of 
strong  spontaneous  radiation  from  a  high  K  planar 
wiggler.  We  plan  to  test  a  number  of  un-obvious 
dielectric  coatings  for  mirrors  in  the  range  of 
150-255  nm  for  their  stability  in  these  conditions. 
We  also  plan  to  test  a  Brewster  plate  as  well  as 
grazing  incidence  Al  mirrors  to  protect  the  down¬ 
stream  mirror  from  the  exposure  to  the  OK-4  spon¬ 
taneous  radiation. 

A  more  radical  solution  has  also  been  planned  to 
install  on  the  Duke  storage  ring  a  new  OK-5  “Blue 
Devil”  FEL;  a  19-m  long  distributed  optical  klys¬ 
tron  with  four  helical  electromagnetic  wigglers  and 
three  bunchers.  The  helical  wigglers  could  be 
switched  between  the  left  and  right  circular  polar¬ 
izations  as  well  as  provide  all  intermediate  polar¬ 
izations  [14].  This  feature  of  the  OK-5  FEL  is  of 
great  importance  for  user  applications  related  to 
dichroic  systems  as  well  the  study  of  CP-violating 
processes  in  nuclear  physics. 

The  use  of  helical  wigglers  will  boost  the  FEL 
gain  by  a  factor  of  four  compared  with  a  planar 
one.  It  will  also  eliminate  on-axis  radiation  of  high 
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order  harmonics  [15],  which  are  responsible  for  the 
degradation  of  the  mirrors.  We  expect  such  a  sys¬ 
tem  to  be  installed  on  the  Duke  storage  ring  by  the 
end  of  1999  and  to  be  operational  in  early  2000. 


5.  Conclusions 

The  OK-4/Duke  storage  ring  FEL  has  demon¬ 
strated  lasing  as  well  as  generated  usable  laser 
beams  in  the  deep-UV  range  of  spectrum.  We  ex¬ 
pect  that  the  OK-4  FEL  will  be  operated  reliably  to 
deliver  coherent  UV  radiation  from  226  to  265  nm 
and  monochromatic  y-rays  from  6  to  45  MeV  to 
the  pilot  applications.  The  exploration  of  the  shor¬ 
ter  wavelength  range  with  the  OK-4/Duke  storage 
ring  FEL  will  continue  in  parallel  with  the  user 
applications. 
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Abstract 

Lasing  has  been  obtained  at  the  wavelengths  down  to  the  deep  UV  on  the  NIJI-IV  free  electron  laser  (FEL)  system. 
The  shortest  wavelength  obtained  was  228  nm  and  the  laser  peak  power  was  estimated  to  be  ~  200  and  ~  40  mW  at  300 
and  240  nm,  respectively.  Suppression  of  the  fast  head-tail  instability  in  the  electron  beam  led  to  a  drastic  enhancement  in 
the  laser  gain  which  enabled  us  to  achieve  such  short-wavelength  lasing  even  in  a  compact  storage  ring  such  as  NIJI-IV. 
Low-loss  cavity  mirrors  having  Al203/Si02  dielectric  layers  are  being  prepared  to  obtain  FEL  operation  at  much  shorter 
wavelengths.  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 


1.  Introduction 

Free  electron  lasers  (FELs)  have  an  excellent 
potential  to  generate  coherent  and  high-power  light 
in  a  very  wide  wavelength  range,  compared  with 
other  lasers.  The  vacuum  ultraviolet  (VUV),  shorter 
than  ~  200  nm,  is  especially  attractive  for  FELs, 
because  it  is  not  easy  to  extract  high-power  coher¬ 
ent  light  with  a  wide  wavelength  tunability  in  the 
VUV,  even  if  frequency  up-conversion  of  conven¬ 
tional-type  lasers  in  nonlinear  crystals,  metal  va¬ 
pors  and  rare  gases  is  used.  Efforts  to  shorten  the 
FEL  wavelength  down  to  the  deep  UV  have  been 
made  intensively  using  storage  rings1  [1,2].  To 
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1  Recently,  FEL  has  been  achieved  in  the  deep  UV  at  217  nm 
also  on  a  1-GeV  storage  ring  in  the  Duke  university. 


shorten  the  wavelength  toward  the  VUV,  a  large- 
scale  accelerator  is  usually  required,  because  of  the 
necessity  of  high-energy  and  high-peak-current 
electron  beam  with  a  very  good  beam  quality. 
However,  it  is  also  very  interesting  to  study  the 
feasibility  of  a  compact  accelerator  in  short 
wavelength  FELs  from  a  laser  application  point  of 
view. 

At  the  Electrotechnical  Laboratory  (ETL),  an 
FEL  experiment  has  been  carried  out  on  a  compact 
storage  ring  NIJI-IV  [3,4],  at  wavelengths  from  the 
visible  (595  nm)  to  the  near  UV  (349  nm),  after 
the  first  lasing  and  a  series  of  FEL  experiments  in 
the  visible  on  another  storage  ring  TER  AS  [5,6]. 
However,  the  FEL  gain  obtainable  in  the  NIJI-IV 
has  been  restricted  to  1%  or  less  due  to  its  com¬ 
pactness  and  simple  structure,  which  has  been  mak¬ 
ing  it  difficult  to  achieve  lasing  below  300  nm, 
where  the  laser  cavity  composed  of  state-of-the-art 
low-loss  dielectric  multilayer  mirrors  still  has  a  loss 
larger  by  about  one  order  of  magnitude,  compared 
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with  that  for  350  nm.  In  the  NIJI-IV  system,  the 
gain  limitation  comes  from  several  kinds  of  in¬ 
stabilities  [7]  in  the  stored  beam,  such  as  coupled- 
bunch  instability,  fast  head-tail  instability  and 
longitudinal  microwave  instability,  which  have  re¬ 
sulted  in  an  insufficient  peak  current  and  a  relative¬ 
ly  large  beam-energy  spread.  In  order  to  increase 
the  peak  current  and  enhance  the  laser  gain,  efforts 
have  been  made  to  suppress  such  beam  instabilities 
[8-10].  Degradation  characteristics  of  the  laser- 
cavity  mirrors  were  also  investigated  at  the 
wavelengths  shorter  than  300  nm  [11,12].  These 
efforts  enabled  us  to  shorten  the  laser  wavelength 
down  to  the  deep  UV.  On  March  20,  1998,  lasing 
was  obtained  between  315  and  287  nm  by  using 
dielectric  multilayer  mirrors  optimized  at  300  nm. 
Lasing  was  also  achieved  from  253  to  228  nm  on 
May  12,  1998,  by  changing  the  mirrors  to  those 
optimized  at  240  nm.  Here  we  report  the  FEL  char¬ 
acteristics  down  to  the  deep  UY  and  a  brief  pros¬ 
pect  toward  VUV  FEL  in  the  NIJI-IV. 

2.  NIJI-IV  FEL  system 

The  NIJI-IV  is  a  compact  and  simple  racetrack- 
type  storage  ring  dedicated  to  the  FEL  research. 
The  ring  is  usually  operated  at  ~  310  MeV  for 
experiments  in  the  UV  range.  The  ring  lattice  is 
basically  composed  of  only  six  bending  dipole  mag¬ 
nets  and  12  focusing  quadrupole  magnets.  Such 
a  simple  structure  enabled  us  to  take  a  7.25-m 
dispersion-free  straight  section  within  a  circumfer¬ 
ence  of  only  ~  29.6  m.  In  this  long  straight  section, 
a  6.3-m  optical  klystron  (OK)  [13]  is  installed. 
However,  such  a  structure  made  it  difficult  to  sup¬ 
press  beam  instabilities  under  higher  beam  current 
condition,  which  has  been  limited  the  peak  current 
to  be  ~  1  A  and  the  laser  gain  to  be  ~  1  %  or  less. 

Since  the  NIJI-IV  is  operated  with  only  one 
electron  bunch  in  the  FEL  experiment  [4,9], 
single-bunch  instabilities,  such  as  fast  head-tail  in¬ 
stability  and  longitudinal  microwave  instability, 
should  be  mainly  taken  into  account.  The  former 
has  been  the  most  serious  factor  to  limit  the  peak 
current  in  the  NIJI-IV.  It  is  well  known  that  the  fast 
head-tail  instability  can  be  suppressed  by  the  cor¬ 
rection  of  the  ring  chromaticity  [7],  induced  mainly 


from  an  energy  aberration  of  the  quadrupole  mag¬ 
nets.  We  designed  compact  sextupole-quadru- 
pole-sextupole  (SQS)  combination  magnets  [9,10] 
and  replaced  four  old  quadrupoles,  QF2  (see  Ref. 
[4]),  with  them.  By  optimizing  the  excitation  cur¬ 
rent  in  the  SQS,  the  horizontal  and  vertical 
chromaticities,  £x  and  £y,  were  successfully  reduced 
respectively  to  +0.1  and  +  0.2  from  their  natural 
values  of  —  2.97  and  —  4.17  [10].  This  resulted  in 
an  increase  of  the  peak  beam  current  up  to  ~  5  A 
(at  an  average  beam  current  of  30  mA  per  bunch) 
and  has  produced  sufficient  enhancement  of  the 
FEL  gain. 

The  laser  cavity  was  composed  of  two  low-loss 
dielectric  multilayer  mirrors  manufactured  with  the 
ion  beam  sputtering  technique  and  its  length  was 
finely  adjusted  around  14.8  m  with  an  accuracy  of 
0.2  pm  so  that  the  roundtrip  of  the  light  pulse  in  the 
cavity  is  tuned  to  the  revolution  of  the  electron 
bunch  in  the  ring.  In  the  present  experiment,  two 
sets  of  mirrors  having  alternating  Hf02/Si02  di¬ 
electric  layers  optimized  at  ~  300  and  ~  240  nm 
were  used.  Their  initial  loss  was  1300  and  2700  ppm 
(per  mirror)  at  300  and  240  nm,  respectively.  The 
evolution  of  cavity  degradation  for  240  nm  during 
the  exposure  to  the  undulator  radiation  is  shown  in 
Fig.  1.  It  is  found  in  Fig.  1  that  the  cavity  indicates 
both  surface-  and  volume-type  degradations  [12] 


Wavelength  (nm) 

Fig.  1.  Evolution  of  degradation  in  the  laser  cavity  optimized 
at  240  nm.  Arrows  indicate  the  range  where  the  lasing  was 
obtained. 
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and  the  cavity  loss  (per  mirrors  pair)  increases  up  to 
1.53%  at  240nm  after  77-mA  h  exposure  to  the 
undulator  radiation.  As  shown  in  the  previous  sec¬ 
tion,  we  can  obtain  the  lasing  between  253  and 
228  nm  under  relatively  good  cavity  condition.  In 
addition,  it  was  also  found  that  we  obtained  lasing 
in  a  wide  range  around  240  nm  even  after  77-mA 
h  exposure.  Considering  the  cavity  degradation 
shown  in  Fig.  1,  these  facts  suggest  that  the  FEL 
gain  obtained  is  2-3%  around  240  nm  which  is 
in  good  agreement  with  the  simple  gain  calcula¬ 
tion  [10]. 


3.  Lasing  characteristics 

Figs.  2(a)  and  (b)  show  typical  FEL  spectra  ob¬ 
served  with  a  monochromator  equipped  with 
a  photodiode  array  around  300  and  240  nm,  respec¬ 
tively.  Each  line  in  Fig.  2  was  obtained  for  different 
magnetic  flux  density  in  the  OK,  by  changing  the 
gap  between  two  rows  of  OK  magnets.  The  envel¬ 
ope  of  the  lines  reflects  the  dependence  of  mirror 
reflectance  on  the  wavelength  [12]  and  the  line 
intensity  is  found  to  be  rather  small  at  both  long 
and  short  wavelength  fringes.  Fig.  3  shows  the 
dependence  of  the  laser-line  intensity,  proportional 
to  the  average  FEL  power,  on  the  detuning  length 
between  a  light  pulse  and  an  electron  bunch  in  the 
laser  cavity  at  300  nm.  It  is  found  that  the  laser 
output  can  be  obtained  within  the  cavity  detuning 
of  +60  pm.  Temporal  laser  waveforms  observed 
with  a  photomultiplier  for  typical  detuning  condi¬ 
tions  are  also  indicated  in  the  figure.  In  the  stor¬ 
age-ring-based  FELs,  the  laser  should  be  emitted  as 
a  continuous  “micro-temporal”  pulse  train  with 
a  time  interval  of  successive  electron  bunches, 
~  100  ns  in  the  NIJI-IV.  This  corresponds  to  a  CW 
lasing  in  FELs.  However,  in  some  cases  where  the 
gain  is  sufficiently  large  and  the  laser  buildup  is 
very  fast,  the  laser  output  indicates  an  irregular 
burst  of  “macro-temporal”  pulses  of  a  few  ms  in 
duration,  due  to  sudden  laser  build  up  and  result¬ 
ant  gain  depression  through  beam  heating.  Such 
a  burst  lasing  is  seen  when  the  cavity  detune  is 
nearly  zero,  as  shown  in  Fig.  3,  where  the  duration 
of  macropulses  and  the  period  between  them  are 
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Fig.  2.  Typical  FEL  spectra  around  300  nm  (a)  and  240  nm  (b). 
Each  line  was  obtained  by  changing  the  gap  of  the  OK  magnets. 
The  deflection  parameter  K  was  2.02  an  1.70  at  300  and  at 
240  nm,  respectively. 


observed  to  be  ~  1  and  ~  5  ms,  respectively. 
A  CW-like  lasing  is  also  observed  with  a  20-  and 
40-pm  detuning,  though  the  laser  power  becomes 
smaller.  The  “micro-temporal”  pulse  was  ob¬ 
served  with  a  streak  camera.  Fig.  4  is  a  typical 
example  at  the  wavelength  and  the  average  beam 
current  of  300  nm  and  ~  4  m A,  respectively.  By 
decomposing  the  observed  waveform  into  two 
Gaussian  components,  the  laser-pulse  width  and 
the  electron-bunch  length  are  measured  to  be  92 
and  280  ps  in  FWHM.  It  should  be  noted  that  the 
signal  height  for  the  electron-bunch  component  is 
emphasized,  because  a  lot  of  off-axis  undulator 
radiation  was  focused  onto  the  entrance  slit  of  the 
streak  camera  with  a  collecting  lens.  The  laser 
power  at  the  micro-pulse  peak  in  the  burst  lasing 
was  estimated  to  be  ~  200  and  ~  40  mW  at  300 
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Detuning  length  (  pm ) 

Fig.  3.  Dependence  of  the  laser-line  intensity  on  the  detuning  length  between  a  light  pulse  and  an  electron  bunch.  Oscilloscope  traces  of 
the  laser  waveforms  for  typical  detuning  conditions  are  also  indicated  in  the  figure.  The  average  beam  current  and  the  oscilloscope  scales 
are  indicated  under  each  trace. 


Fig.  4.  Typical  micro-temporal  pulse  observed  at  240  nm  with  a  streak  camera. 


and  240  nm,  respectively.  In  order  to  obtain  a  high¬ 
er  laser  power,  it  will  be  necessary  to  increase  both 
the  electron-beam  energy  and  the  transmittance  of 
the  cavity  mirrors  as  well  as  peak  beam  current. 
The  duration  of  FEL  operation  per  beam  in¬ 


jection  was  about  1.5  and  1  h  for  300  and  240  nm, 
respectively. 

The  lateral  intensity  profile  of  the  laser  spot  near 
the  cavity-mirror  surface  was  always  monitored 
with  a  CCD  camera  during  the  experiment  to  check 
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the  cavity  alignment.  Fig.  5  shows  an  example  at 
240  nm.  Though  the  CCD  image  was  rather  noisy 
due  to  its  low  photosensitivity,  we  found  that 
a  TEMqo  mode  can  be  obtained  within  a  cavity 
misalignment  of  ±  40  prad.  Fig.  6  shows  the  FEL 
line  at  the  shortest  wavelength  (228  nm)  obtained  in 
this  experiment.  Although  the  intensity  of  the  line  is 
not  large  due  to  a  small  reflectance  (a  large  loss)  of 
the  cavity  mirrors  at  228  nm,  obvious  FEL  amplifi¬ 
cation  can  be  seen  in  the  figure.  Lasing  with  higher 


Fig.  5.  Lateral  intensity  profile  of  the  laser  spot  observed  with 
a  CCD  camera. 


power  at  shorter  wavelength  is  expected  by  opti¬ 
mizing  the  working  wavelength  of  the  cavity  mir¬ 
rors.  We  are  preparing  new  mirrors  having 
Al203/Si02  dielectric  layers  whose  light-absorp¬ 
tion  loss  can  be  sufficiently  small  even  below 
200  nm.  It  was  already  confirmed  that  we  could 
obtain  a  laser  cavity  whose  loss  is  5700  ppm  (per 
two  mirrors)  at  220  nm  by  using  Al203/Si02  mir¬ 
rors. 


4 .  Conclusion 

The  FEL  based  on  a  compact  storage  ring  NIJI- 
IV  was  operated  at  the  wavelengths  down  to  the 
deep  UV  to  study  the  feasibility  of  a  compact  accel¬ 
erator  in  short  wavelength  FELs.  By  suppressing 
the  fast  head-tail  beam  instability,  the  FEL  gain 
was  drastically  enhanced  and  the  lasing  wavelength 
has  reached  228  nm.  The  shortest  wavelength  ob¬ 
tained  in  this  experiment  was  determined  by  the 
wavelength-dependent  loss  of  the  cavity  mirrors. 
Now  we  are  preparing  Al203/Si02  multilayer  mir¬ 
rors  optimized  below  220  nm.  We  expect  to  obtain 
lasing  down  to  ~  200  nm  with  the  new  mirrors.  To 
achieve  FELs  in  the  VUV  range,  a  large-scale  accel¬ 
erator  is  usually  required,  because  of  the  necessity 


Wavelength  (nm) 


Fig.  6.  FEL  line  spectrum  at  the  shortest  wavelength  (228  nm)  obtained  in  this  experiment. 
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of  high-peak-current  electron  beams  with  very 
good  beam  quality.  Extrapolating  from  the  present 
results,  however,  we  can  expect  FEL  gain  of  more 
than  5%  in  the  NIJI-IV,  if  a  further  increase  of  the 
peak  beam  current  to  more  than  10  A  is  achieved. 
This  will  be  realized  by  shortening  the  electron- 
bunch  length.  In  this  condition,  lasing  in  the  VUV 
can  be  also  expected  even  in  such  a  compact  stor¬ 
age  ring  NIJI-IV. 
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Abstract 

Storage  ring  free  electron  lasers  have  a  complex  dynamics  as  compared  to  the  LINAC  driven  FEL  sources  since  both 
the  laser  and  the  recirculating  electron  beam  behaviours  are  involved.  Electron  beam  perturbations  can  strongly  affect 
the  FEL  operation  (start-up,  stability)  whereas  the  FEL  can  stabilize  beam  instabilities.  Experimental  analysis  together 
with  simulations  are  reported  here.  Improvements  of  the  Super-ACO  FEL  for  users  is  discussed,  and  consequences  are 
given  in  terms  of  electron  beam  tolerances  for  a  source  development  for  users.  ©  1999  Elsevier  Science  B.V.  All  rights 
reserved. 

PACS:  41.60.Cr 

Keywords:  Electron  beam  excitations;  Super-ACO  storage  ring 


1.  Introduction 

The  Super-ACO  free  electron  laser  has  first  been 
operated  for  users  in  1993  [1,2].  Generally,  each 
data  acquisition  performed  by  the  users  requires 
the  FEL  to  remain  stable  during  roughly  half  an 
hour.  The  different  FEL  characteristics  were  fol¬ 
lowed  versus  time  with  accurate  means  of  meas¬ 
urements:  a  double  sweep  streak  camera  for  the 
evolution  of  the  laser  and  electron  beam  temporal 
distribution  [3],  a  scanning  Fabry-Perot  for  the 
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laser  spectral  line  [4],  and  a  photomultiplier  for  the 
average  intensity.  It  then  clearly  appeared  that  the 
FEL  drifts  could  be  related  to  some  beam  insta¬ 
bilities,  such  as  line  excitation  at  50  Hz  and  its 
harmonics,  coherent  or  complex  synchrotron  oscil¬ 
lations,  beam  orbit  deviations,  etc.  Even  though  the 
FEL  itself  generally  stabilizes  the  beam  excitations, 
its  own  stability  is  strongly  affected,  and  is  some¬ 
times  not  sufficient  for  performing  user  applica¬ 
tions.  The  source  of  the  beam  excitations  have  to  be 
fought:  for  example,  a  feedback  damping  the  quad- 
rupolar  modes  of  synchrotron  oscillations  has  been 
developed  on  Super-ACO  [5],  a  feedback  correct¬ 
ing  the  orbit  transverse  deviations  is  under  way.  In 
addition,  the  FEL  is  also  stabilized  [6]:  its  tem¬ 
poral  drift  is  compensated  with  a  longitudinal  feed¬ 
back  system  allowing  the  jitter  to  be  reduced  to 
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10  ps,  the  spectral  drift  to  0.05  A  and  the  intensity 
fluctuations  to  a  few  %,  owing  to  the  up-grade  of 
the  electronics.  The  longitudinal  feedback  on  the 
FEL  is  also  very  efficient  with  the  operation  with 
a  harmonic  RF  cavity  at  500  MHz,  with  a  bunch 
length  reduced  by  a  factor  of  2  [7],  with  relatively 
low-vertical  and  -longitudinal  excitations.  Under 
these  conditions,  the  FEL  has  been  used  for  ap¬ 
plications,  in  combination  with  synchrotron  radi¬ 
ation  for  dynamical  studies  on  excited  species. 
Because  of  the  higher  gain  achieved  under  these 
conditions  on  Super- ACO,  more  than  300  mW  of 
average  power  can  be  outcoupled  by  transmission 
for  users,  setting  the  highest  average  power 
obtained  with  a  UV  FEL.  In  addition,  shorter 
wavelength  operation  for  users  can  be  expected  in 
the  future. 


2.  Characteristic  times  for  the  electron  beam 
and  for  the  FEL 

2. 1.  Characteristic  times  of  the  electron  beam 

According  to  a  simple  analysis,  the  electrons  in 
a  storage  ring  adopt  a  temporal  Gaussian  reparti¬ 
tion  around  the  position  of  the  synchronous  elec¬ 
tron  for  which  the  RF  electric  field  perfectly 
compensates  the  energy  radiated  by  synchrotron 
radiation.  Their  energy  repartition  is  also  Gaus¬ 
sian,  around  the  synchronous  electron.  The  bunch 
length  Oi  and  the  energy  spread  <jy  are  defined  as  the 
rms  values  of  the  distributions  [8].  The  electrons 
obey  a  second-order  differential  equation,  whose 
solution  corresponds  to  a  damped  oscillator,  with 
synchrotron  frequency  fs  (ps  range)  and  synchro¬ 
tron  damping  time  ts  (ms  range).  Bunch  length  and 
energy  spread  generally  grow  when  the  current 
increases,  corresponding  to  the  microwave  instabil¬ 
ity  regime  [9],  depending  on  the  impedance  of  the 
vacuum  chamber.  Potential  well  distortion,  corres¬ 
ponds  to  an  increase  of  the  bunch  length  without 
modification  of  the  energy  spread,  defines  the  sta¬ 
tionary  solution.  Finally,  coherent  or  complex  syn¬ 
chrotron  oscillations  can  govern  the  beam,  with 
a  limited  amplitude  preventing  beam  blow-up. 

In  the  transverse  plane,  the  electrons  perform 
a  few  betatrons  oscillations  per  round  trip,  result¬ 


ing  from  the  fact  that  electrons  are  differently 
focused  and  defocussed  according  to  their  energy. 
A  consequent  change  of  the  path  AL  in  reference  to 
the  circumference  of  the  ring  L  is  proportional  to 
the  energy  difference  A E,  relative  to  the  reference 
energy  E,  according  to  AL  =  otL(AE/E)  with  a  the 
momentum  compaction  factor;  introducing  longi- 
tudinal-to-transverse  coupling. 

2.2.  Characteristic  times  of  the  FEL 

The  FEL  rising  time  is  defined  by  Eq.  (1)  and 
corresponds  to  a  few  tens  of  ps. 

L-  ~  TpJ(P  ln(G/P)).  (1) 

Tph  being  the  round  trip  time  in  the  optical  resona¬ 
tor,  G  the  gain  per  pass  and  P  the  cavity  losses.  The 
FEL  grows  to  the  detriment  of  the  kinetic  energy  of 
the  electron  bunches,  resulting  in  a  modification  of 
the  energy  spread  of  the  electron  bunch  accumu¬ 
lated  over  many  passes.  The  FEL-induced  “heat¬ 
ing”  of  the  electron  bunch  corresponds  to  the 
simple  saturation  scheme  for  the  saturation  of 
a  storage  ring  FEL  [10].  It  is  fully  valid  when  the 
electron  bunch  is  not  submitted  to  bunch  lengthen¬ 
ing  due  to  microwave  instability  or  potential  well 
distortion,  or  more  generally  to  any  kind  of  in¬ 
stabilities  [11].  It  corresponds  experimentally  to 
a  small  current  stored  in  the  ring.  Small  perturba¬ 
tions  to  the  FEL  equilibrium  state  can  be  analysed 
with  the  dimensionless  laser  intensity  and  energy 
spread.  It  leads  to  a  system  of  equations,  which  can 
be  linearized  in  the  case  of  small  movements  by 
a  differential  equation  of  second  order,  whose  gen¬ 
eral  solution  is  a  damped  oscillator,  of  damping 
time  xs  and  frequency  Fr  —  (1  /n^/l)^/ l/vrs  [12]. 
This  macro-temporal  structure  is  systematically 
observed  for  specific  detuning  conditions  (synchro¬ 
nization  between  the  optical  pulse  stored  in  the 
optical  resonator  and  the  electron  bunch  circula¬ 
ting  in  the  storage  ring).  The  behaviour  versus 
detuning  has  been  explained  by  a  more  elaborate 
model,  in  the  temporal  space  [13]  and  in  the  fre¬ 
quency  domain  [14].  Nevertheless,  a  rather  high 
current  should  be  stored  in  order  to  perform 
pump-probe,  two-color  experiments,  leading  to 
a  more  complex  dynamics  of  the  FEL  interaction, 
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and  competing  with  the  phenomena  responsible  for 
the  bunch  anomalous  lengthening.  New  saturation 
schemes  are  observed  [13].  Different  situations  are 
analyzed  in  the  following  sections,  considering  dif¬ 
ferent  time  scales  for  the  electron  beam  excitations. 


3.  Stability  in  the  microsecond  range 

3.1.  Experimental  results 

The  microsecond  range  is  characteristic  of  syn¬ 
chrotron  oscillations.  With  the  operation  of  a  single 
RF  cavity  at  100  MHz,  the  dipolar  modes  (corre¬ 
sponding  to  a  displacement  of  the  whole  bunch 
distribution)  are  damped  using  a  feedback  system, 
analogous  to  the  one  developed  by  Pedersen  in 
CERN  [15].  Then  current  thresholds  can  be  distin¬ 
guished  for  the  quadrupolar  modes  at  28  kHz  and 
55-60  mA  in  two  equidistant  bunches,  for  the  sex- 
tupolar  modes  at  40  kHz  and  85  mA  and  for  the 
octupolar  modes  above  120  mA.  The  Super- ACO 
FEL  naturally  operates  in  a  stable  regime  below 
the  threshold  of  quadrupolar  modes  of  synchrotron 
oscillations.  In  presence  of  the  quadrupolar  modes, 
the  FEL  gain  follows  the  temporal  evolution  of  the 
bunch  distribution,  through  the  modulation  of  elec¬ 
tronic  density  term  at  35  ps.  With  rather  low  gain 
and  high  cavity  losses,  the  FEL  rising  time  is  of  the 
order  of  100  ps,  and  it  sees  a  beam  distribution 
average  over  the  coherent  synchrotron  oscillations. 
The  characteristic  times  of  the  FEL  at  equilibrium 
(in  the  ms  range)  are  long  compared  to  the  synchro¬ 
tron  period,  and  the  FEL  sees  an  average  of  the 
synchrotron  motion  over  several  ms. 

When  the  FEL  is  established,  the  FEL  heating 
competes  with  the  coherent  synchrotron  motion 
(due  to  the  deformation  of  bunch  distribution  from 
a  sharp  peaked  to  a  flattened  profile)  and  the  quad¬ 
rupolar  modes  of  synchrotron  oscillations  are  dam¬ 
ped  [5]  as  currently  observed  with  a  spectrum 
analyser  or  with  a  streak  camera.  Such  a  phenom¬ 
enon  also  occurs  with  the  sextupolar  modes  of 
synchrotron  oscillations  [16]. 

More  complex  situations  are  observed  when 
Super-ACO  is  operated  with  two  RF  cavities  at  100 
and  500  MHz,  in  a  bunch  shortening  mode  [17]. 
A  higher  electronic  density  interacting  with  the 


impedance  of  the  storage  ring  can  lead  to  complex 
synchrotron  oscillations,  as  shown  in  Fig.  la.  The 
streak  camera  image  sometimes  exhibits  a  so-called 
“fish  bone”  instability,  instead  of  the  pure  quadru¬ 
polar  or  sextupolar  modes.  The  instability  gets 
stronger  with  higher  voltages  applied  on  the 
500  MHz  cavity.  Indeed,  the  spectrum  analyser  can 
show  two  close  lines  around  the  frequency  of  the 
dipolar  mode,  of  the  order  of  28  kHz  for  90  kV  on 
the  500  MHz  cavity.  The  electron  bunch  profile  can 
be  extremely  distorted,  evolving  even  more  rapidly 
at  a  ns  scale.  When  the  beam  excitations  are  not  too 
important,  the  average  gain  is  not  strongly  reduced 
and  the  FEL  can  start.  When  established,  the  FEL 
suppresses  both  the  “fish-bone”  instability  and  the 
sideband  content  on  the  spectrum  analyser,  as 
shown  in  Fig.  lb. 


Fig.  1.  (a)  Complex  coherent  synchrotron  oscillations  observed 
on  Super-ACO  with  two  RF  cavities  with  a  Hamamatsu  double 
sweep  streak  camera,  (b)  Instability  damped  with  the  FEL 
establishment. 
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3.2.  Theoretical  analysis 

Theoretical  analyses  have  been  developed  [18], 
taking  into  account  the  FEL  interaction  and  the 
influence  of  parasitic  fields  located  in  the  vacuum 
chamber,  using  a  pass  to  pass  model  based  on 
modified  equations  of  the  longitudinal  movement 
of  the  electrons  [8]. 

+ 1  Tn  aT0en,  (2) 

s„  + 1  =  £„  +  a  sin(coRF  *  x„+ x  + 

+  b  sin(5mRF  •  t„  +  x  +  (j)5)  -  Urad  -  2  T0  *  £n/zs 

+  ^Wrandom  +  GeX  *  p(z)  +  Cyjl  sin(mlasT„  +  <fi), 

(3) 

where  zn  is  the  relative  position  of  the  electron  at 
pass  n  with  respect  to  the  synchronous  electron, 
en  its  relative  energy,  a  the  momentum  compaction 
factor,  T0  the  revolution  time,  mRF  the  pulsation  of 
the  main  RF  cavity  with  associated  phase  </>i, 
<j)  5  the  phase  of  the  fifth  harmonic  cavity,  Urad  the 
energy  radiated  by  synchrotron  radiation,  <Wrandom 
is  associated  with  the  stochastic  process  of  photon 
emission,  Gex  represents  a  coupling  force  corre¬ 
sponding  to  a  model  of  resistive  impedance,  mlas  is 
the  FEL  optical  pulsation  and  0  its  relative  phase, 
a ,  b ,  c  being  constants.  The  modelling  of  the  FEL 
interaction  represents  the  microbunching  induced 
on  the  electron  bunch,  while  the  laser  position  is 
locked  at  the  maximum  of  the  electronic  density, 
whereas  the  laser  light  quantum  emission  is  ne¬ 
glected. 

The  model  reproduces  easily  the  Gaussian  distri¬ 
butions  of  the  bunch  in  the  simple  cases,  when  the 
beam  is  not  perturbed  by  external  fields  (Gex  =  0) 
without  FEL  interaction  ( c  =  0).  It  shows  as  well 
the  bunch  length  reduction  due  to  the  use  of  addi¬ 
tional  harmonic  RF  cavity.  Considering  the  inter¬ 
action  with  the  wakefield  in  the  vacuum  chamber 
(Gex  7^  0),  the  model  simulates  the  coherent  modes 
of  synchrotron  oscillations  associated  with  an  inco¬ 
herent  bunch  lengthening  for  intermediate  values  of 
Gex.  When  Gex  is  increased  furthermore,  the 
model  represents  situations  similar  to  the  “fish¬ 
bone”  instability,  as  shown  in  Fig.  2,  and  informs 
one  about  the  growth  of  the  instability.  The  analy¬ 
sis  of  the  electrons  trajectory  allows  the  shape  of  the 


Fig.  2.  Simulation  of  a  “fish-bone”  instability  (V  scale  =  800  ps, 
H  scale  =  300  ps).  The  synchrotron  period  of  75  ps  (compared 
to  25  ps  in  Fig.  1)  obtained  in  the  simulation  corresponding  to 
a  setting  of  the  voltages  of  the  RF  cavities  different  from  that 
employed  for  the  experiment  in  Fig.  la. 

streak  camera  images  to  be  better  understood:  the 
electron  in  the  center  of  the  distribution  remains 
stable  whereas  the  external  electrons  perform  giant 
synchrotron  oscillation,  whose  amplitude  is  de¬ 
pendant  on  the  phase  relative  to  the  synchronous 
electron.  Greater  values  of  Gex  lead  to  beam  blow¬ 
up.  Then,  the  evolution  of  the  longitudinal  instabil¬ 
ities  has  been  followed  when  the  FEL  interaction  is 
set  up.  The  model  clearly  shows  a  suppression  of 
the  synchrotron  oscillations  induced  by  the  FEL. 
Indeed,  the  disappearance  of  the  “fish  bone”  insta¬ 
bility  by  the  FEL  is  also  represented  by  the  model. 
Actually,  the  FEL  interaction  creating  a  bunching 
with  a  very  small  spatial  period,  destroys  the  coher¬ 
ence  between  the  electrons  in  the  bunch,  preventing 
them  from  performing  their  coherent  or  complex 
motion.  The  results  concerning  the  damping  of  the 
coherent  synchrotron  oscillations  by  the  FEL  are 
in  agreement  with  the  previous  model  developed  by 
Renieri  [19],  relying  on  the  same  principles. 

3.3.  Consequences  for  the  FEL  stability 

Under  the  presence  of  quadrupolar  modes  of 
coherent  synchrotron  oscillations,  the  FEL  oper¬ 
ates  without  good  stability.  Temporal  jitter  of  the 
FEL  micropulse  could  reach  100-200  ps,  so  that 
the  FEL  was  driven  in  a  different  detuning  zone 
(see  Fig.  3),  from  “cw”  to  pulsed.  The  spectra^  drift 
could  be  as  great  as  10  A,  compared  to  1  A  for 
normal  operation  without  coherent  synchrotron 
oscillations,  and  the  macrotemporal  structure  is 
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Fig.  3.  Temporal  drift  of  the  FEL  micropulse  driving  it  from  the 
‘cw’  operation  to  a  pulsed  regime  (V  scale:  300  ps,  H  scale: 
18  ms). 


mainly  pulsed  at  the  ms  range,  with  complex  modu¬ 
lations  [5].  The  longitudinal  feedback  system,  de¬ 
veloped  for  maintaining  the  FEL  micropulse 
position  at  perfect  synchronization  by  readjust¬ 
ment  of  the  RF  revolution  frequency  [6],  cannot  be 
generally  switched  on,  because  the  instabilities  are 
too  strong.  However,  high-current  operation  corre¬ 
sponding  to  the  range  of  current  in  which  coherent 
modes  of  coherent  synchrotron  oscillations  are 
present  is  desired  because  of  the  high-photon  flux 
delivered  to  the  users  exploiting  synchrotron  radi¬ 
ation  for  pump-probe  two-color  experiments.  For 
that  purpose,  a  feedback  system,  damping  these 
modes  of  synchrotron  oscillations,  by  a  modifica¬ 
tion  of  the  phase  of  the  RF  cavity,  has  been  de¬ 
veloped  [5].  Consequently,  the  FEL  could  be 
operated  with  very  good  stability,  provided  the 
feedback  on  the  electron  beam  and  the  longitudinal 
feedback  on  the  FEL  were  present. 

Under  the  presence  of  the  complex  coherent  syn¬ 
chrotron  oscillations  observed  with  the  500  MHz 
operation,  the  FEL  has  been  operated  for  users  with 
good  stability,  in  presence  of  its  longitudinal  feed¬ 
back,  for  intermediate  RF  voltages  (up  to  180  kY 
recently).  When  the  FEL  is  established,  the  RF  volt¬ 
age  can  be  further  increased  because  the  FEL  has 
already  stabilized  the  beam.  In  these  conditions,  the 
FEL  is  very  sensitive  to  any  perturbations,  which 
can  stop  it.  In  that  case,  the  FEL  can  be  re-estab¬ 
lished  only  if  the  RF  voltage  is  lowered,  in  order  to 
reduce  the  complex  synchrotron  oscillations. 


4.  Stability  in  the  millisecond  range 

Once  coherent  synchrotron  oscillations  are  per¬ 
manently  established,  a  long  time  range  measure¬ 
ment  with  the  streak  camera  only  provides  the 


Fig.  4.  (a)  Sawtooth  instability  observed  on  Super-ACO  with 
the  500  MHz  cavity  (FEL  off)  with  the  double  sweep  streak 
camera;  (b)  damped  by  the  FEL  establishment  (V  scale  =  1  ns, 
H  scale  =  20  ms). 

bunch  distribution  average  over  time.  Nevertheless, 
the  “fish-bone  instability”,  apparently  erratically 
occurs  when  it  is  observed  on  few  hundred  ps  scale, 
can  follow  a  more  reproducible  behaviour  at  a  lon¬ 
ger  time  scale.  Saw-tooth  regimes  ruling  the  beam 
evolution  with  the  two  RF  cavities  on  Super-ACO 
were  observed  in  a  ms  time  scale  with  the  double 
sweep  streak  camera,  the  dissector  in  the  phase 
oscillation  mode  [20]  or  even  by  looking  at  the 
energy  evolution  with  the  spectrum  of  the  optical 
klystron  [21]  as  shown  in  Fig.  4a.  Such  a  regime 
could  even  be  seen  with  the  100  MHz  cavity  oper¬ 
ated  alone,  but  with  a  very  low  level  of  intensity. 

When  the  FEL  is  established,  these  “saw-tooth” 
instabilities  disappear,  as  can  be  seen  in  the  streak 
camera  image  in  Fig.  4b,  to  be  compared  to  Fig.  4a. 
The  analysis  of  the  bunch  distribution  in  both 
cases,  using  a  data  treatment  by  the  moments 
method,  clearly  shows  a  bunch  stabilization  and 
a  bunch  shortening  at  a  20  ms  scale  (see  Fig.  5).  The 
observed  bunch  shortening  is  in  disagreement  with 
the  FEL  saturation  model  by  increase  of  energy 
spread,  since  the  energy  spread  and  the  bunch 
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Fig.  5.  RMS  value  of  the  distribution  versus  time  with  and 
without  the  FEL. 

length  are  linked  by  the  following  relationship 
(X{  =  (a/cos)t7r  Once  again,  as  in  the  case  of  coherent 
synchrotron  oscillations,  the  FEL  interaction 
through  the  microbunching,  competes  with  the 
growth  of  the  saw-tooth  instability,  and  stabilizes 
the  beam.  A  further  analysis  shows  that  the  bunch 
shortening  occurs  only  on  the  steep  risetime  of  the 
longitudinal  bunch  distribution,  whereas  the  fall¬ 
time  remains  unchanged,  except  from  the  reduction 
of  the  saw-tooth  fluctuations. 

Indeed,  even  when  the  longitudinal  instabilities 
are  damped,  the  FEL  stability  can  also  be  affected 
by  transverse  instabilities.  The  most  current  situ¬ 
ation  observed  on  Super-ACO  is  an  orbit  modula¬ 
tion  at  50  Hz,  the  line  frequency.  These  transverse 
instabilities  on  the  beam  orbit  can  easily  be  observed 
with  the  double  sweep  streak  camera,  when  synchro¬ 
tron  radiation  is  focused  onto  the  iris.  A  change  of 
the  orbit  leads  to  a  modification  of  the  intensity  seen 
by  the  CCD,  as  illustrated  in  Fig.  6.  The  origin  of  the 
instabilities  could  be  related  to  line  modulation  on 
a  power  supply  of  a  magnetic  element  or  to  some 
parasitic  field  in  the  RF  components.  Clear  line 
modulation  on  the  FEL  was  also  seen  with  vibra¬ 
tions  of  a  primary  pump  transmitted  by  the  floor  to 
the  mirror  holder.  Sometimes,  transverse  instabilities 
around  66-70  Hz  can  be  currently  seen  on  Super- 
ACO.  A  transverse  feedback  on  the  beam  orbit 
under  development  was  set  up  for  the  FEL  opera¬ 
tion,  but  the  improvement  of  stability  is  not  really 
clear  since  the  feedback  is  limited  to  a  few  Hz  and 
leaves  the  line  modulation  practically  unmodified. 


Fig.  6.  Transverse  instability  at  50  Hz,  seen  on  the  electron 
beam  (upper  image)  and  on  the  FEL  (lower  image).  V  scale: 
1.7  ns,  H  scale  =  50  ms. 


In  addition,  with  the  operation  of  the  500  MHz 
cavity,  strong  vertical  excitations  appear  on  the 
beam,  that  were  damped  by  the  FEL  operation 
[17].  These  instabilities  could  be  reduced  by  an 
important  increase  of  the  chromaticity  (or  hexapo- 
lar  fields),  and  even  though,  under  these  conditions, 
the  FEL  could  induce  a  slight  reduction  of  the  beam 
transverse  size.  These  observations  have  been  first 
interpreted  in  terms  of  head  tail  instability  [22]. 

Besides,  strong  modulations  close  to  the  laser 
natural  frequency  can  lead  to  a  modulation  at  the 
period  of  the  modulation,  at  twice  the  period  and 
even  to  chaotic  behaviour  [23].  The  FEL  is  parti¬ 
cularly  sensitive  to  a  very  small  perturbation,  close 
to  its  natural  frequency. 

Longer  time  duration  can  also  be  considered, 
with  the  influence  of  mechanical  vibrations  and 
mirror  heating. 

5.  Consequences  for  the  Super-ACO  present 
FEL  performances 

From  a  dynamical  point  of  view,  in  presence  of 
the  FEL  longitudinal  feedback  system,  the  FEL  has 
been  able  to  operate  very  close  to  the  Fourier  limit, 
by  a  factor  1.3  above  compared  to  the  previous 
values  of  4-5  both  on  Super-ACO  and  UVSOR 
[24].  The  measurements  show  a  pulse  duration  of 
15  ps  FWHM  (see  Fig.  7)  and  a  laser  line  of  0.3  A.  It 
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Fig.  7.  FEL  pulse  duration:  FWHM  =  15  ps,  H  scale  =  500  ps. 

should  be  pointed  out  that  the  FEL  line  width  is 
1  A  without  feedback.  Clearly,  the  feedback  system 
allows  the  FEL  to  properly  proceed  in  its  temporal 
and  spectral  narrowing,  avoiding  perturbations. 
With  the  slightly  higher  gain  achieved  with  the 
500  MHz  cavity,  the  Fourier  limit  can  be  obtained 
in  a  shorter  period  of  time. 

Besides,  the  gain  enhancement  associated  with 
an  enhancement  of  the  FEL  stability  led  to  a  slight 
increase  of  the  FEL  output  power,  and  with  a  set  of 
more  transparent  mirrors,  more  than  300  mW 
could  be  extracted  from  one  mirror  for  the  users. 
It  represents  the  highest  FEL  average  power  de¬ 
livered  so  far  from  a  UY  FEL. 

6.  Conclusion 

Storage  ring  free  electron  lasers  represent  a  very 
complex  system,  involving  both  the  FEL  interac¬ 
tion  and  the  electron  beam  behaviour  accumulated 
over  many  phases.  New  phenomena  occur  for 
high-current  storage,  or  for  operation  with  two  RF 
cavities.  The  understanding  and  the  control  of  the 
FEL  performances,  considering  the  various  pro¬ 
cesses,  is  a  main  issue  for  the  FEL  sources  devoted 
to  users.  From  such  analysis,  tolerances  for  the 
electron  beam  can  be  derived  in  order  to  provide 
a  very  stable  FEL. 
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Abstract 

A  simulation  study  for  longitudinal  phase  space  of  the  electron  bunch  including  effects  of  potential-well  distortion  and 
FEL  interaction  has  been  performed  for  both  positive  and  negative  momentum  compaction  factors  on  a  storage  ring.  The 
trend  of  the  bunch  lengthening  is  well  interpreted  by  the  wake  field  due  to  inductive  impedance.  In  spite  of  large  energy 
spread  in  the  case  of  the  negative  momentum  compaction,  FEL  oscillation  may  be  possible.  The  peak  power  of 
Q-switched  lasing  is  higher  than  that  in  positive  momentum  compaction.  There  was,  however,  no  significant  difference  in 
FEL  power  and  particle  distribution  in  the  longitudinal  phase  space  at  the  equilibrated  state.  ©  1999  Elsevier  Science 
B.V.  All  rights  reserved. 

Keywords:  Storage  ring;  Potential-well  distortion;  Inductive  impedance;  Momentum  compaction  factor 


1.  Introduction 

Single-bunch  instability  on  storage  rings  is  nor¬ 
mally  dominated  by  the  wake  field  induced  by 
interaction  between  the  electron  bunch  and  the 
impedance  of  the  environment  such  as  the  vacuum 
chamber.  Particularly,  the  broad  band-inductive 
impedance  is  a  major  source  of  bunch  lengthening 
and  growth  in  energy  spread.  The  bunch  is 
lengthened  as  the  inductive  wake  field  increases  on 
conventional  storage  rings  whose  momentum  com¬ 
paction  factor  (a)  is  positive.  In  this  case  the  bunch 
shape  becomes  much  more  parabolic  and  then  the 
peak  current  saturates  at  even  higher  beam  current, 
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which  results  from  the  so-called  potential-well  dis¬ 
tortion  [1].  On  the  other  hand,  in  the  case  when  the 
ring  is  operated  with  a  negative  momentum  com¬ 
paction  factor,  potential-well  distortion  due  to  the 
inductive  impedance  acts  to  shorten  the  bunch 
length.  Below  the  threshold  for  negative-mass  in¬ 
stability  {longitudinal  microwave  instability)  [2],  the 
bunch  length  is  getting  shorter  as  the  beam  current 
increases.  As  one  easily  expects  from  the  Boussard 
phase-stability  criterion  [3],  the  threshold  current 
for  longitudinal  microwave  instability  on  the  nega¬ 
tive  a  ring  is  lower  than  that  on  a  positive  a  ring 
because  of  the  higher  peak  current  due  to  the 
bunch-shortening  effect.  However,  the  bunch 
lengthening  (shortening)  is  dominated  by  poten¬ 
tial-well  distortion  on  storage  rings  except  for  very 
old  rings  whose  ring-impedances  are  pretty  high, 
and  one  normally  has  not  observed  clear  evidence 
of  the  longitudinal  mode  coupling  effect  [4]. 
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The  concept  of  the  longitudinal  microwave  insta¬ 
bility  being  suppressed  by  the  faster  growth  rate  of 
the  energy  spread  due  to  the  FEL  interaction  has 
been  already  introduced  by  Dattoli  et  al.  [5].  In  this 
article,  we  have,  however,  employed  more  practical 
effects  of  the  ring  impedance  to  interpret  experi¬ 
mental  data  of  the  bunch  lengthening  (shortening) 
and  the  increase  of  the  energy  spread  by  potential- 
well  distortion,  and  numerical  simulations  of  the 
longitudinal  phase  space  of  the  electron  beam  and 
the  FEL  power  evolution  have  been  performed 
for  both  the  positive  and  the  negative  momentum 
compaction  rings. 


2.  Potential-well  distortion 


2.1.  Haissinski  equation 


The  single-particle  Hamiltonian  in  the  longitudi¬ 
nal  phase  space  at  a  normalized  energy  deviation 
e  (  =  de/aE 0)  and  a  normalized  time  deviation 
t  (  =  btjox 0)  is  in  general  written  as 


chje0E0T0 


Jo 


Vw(x)dT 


(1) 


where  <je0  and  <jx0  denote  the  natural  energy  spread 
and  the  natural  bunch  length,  respectively.  The  last 
term  in  Eq.  (1)  represents  the  wake  potential  cre¬ 
ated  ahead  by  particles  in  the  same  bunch,  where 
E0  and  T 0  are  the  central  energy  and  the  revolution 
time,  respectively.  A  static  solution  of  the  Vlasov 
equation  for  a  longitudinal  distribution  function 
p(i)  results  from  the  Hamiltonian  of  Eq.  (1)  and  has 
been  derived  to  be 


-  K  exp  (  -  !«■  -  jV-ffi  «)  (2) 

where  a  normalization  factor  K  is  determined  such 
that  the  complete  integral  of  p(x)  is  equal  to  unity. 
The  wake  field  is  normally  interpreted  by  assum¬ 
ing  a  broad-band  (low  quality  factor)  resonator 
with  a  very  high  resonant  frequency.  Here  we  intro¬ 
duce  a  more  practical  and  simple  model  to  create 
the  wake  field.  The  wake  field  in  the  broad-band 


(BB)  resonator  is  assumed  to  be  divided  into  induc¬ 
tive  and  resistive  parts,  that  is 


(3) 


where  L  and  R  are  the  inductance  and  the  resist¬ 
ance,  and  /  denotes  the  current  in  the  bunch.  Insert¬ 
ing  Eq.  (3)  into  Eq.  (2)  and  after  differentiation  with 
respect  to  t,  the  Haissinski  equation  [6] 


d/_ 

tf±u2 

d  t 

1  ±f  l 

a  >  0  \ 

for  and  t  =  t  (4) 

a  <  0  j 


is  obtained,  where  /  =  aLNpp ,  and  <j;  =  R<rt0/L  is 
a  normalized  R-L  ratio.  Defining  a  normalized 
total  charge 


r  = 


r  +  oo 

fdt- 


aLNp 

&x0 


il 

|a|(£0/e)of0<Tto 


(5) 


where  T  denotes  an  average  beam  current,  Eq.  (4) 
can  be  numerically  solved  as  a  function  of  F.  Exam¬ 
ples  of  calculated  bunch  shapes  for  £  =  0  (pure 
inductive),  0.2  and  0.5  are  shown  in  Fig.  1.  It  can  be 
noted  that  the  bunch  lengthening  or  shortening  due 
to  potential-well  distortion  is  essentially  governed 
by  the  inductive  impedance  in  the  case  of  the  low  £, 
and  the  resistive  impedance  causes  an  asymmetric 
shape,  which  is  generally  detected  as  a  loss  factor. 
As  far  as  our  recent  measurements  of  the  loss  factor 
and  the  bunch  lengthening  on  the  UVSOR  storage 
ring  at  the  nominal  momentum  compaction  factor 
(a  «  0.035),  £  seemed  to  be  less  than  0.2.  Accord¬ 
ingly  we  have  mainly  employed  the  pure  inductive 
impedance  in  further  calculation  to  save  cpu  time. 


2.2.  Simulation  of  bunch  lengthening 

We  should  note  that  the  validity  of  the  solution 
of  the  Haissinski  equation  is  in  a  frame  of  the  static 
Vlasov  equation.  In  other  words,  a  constant  rms 
energy  spread  oe0  supports  intentional  solutions. 
Consequently,  we  have  performed  a  simulation 
study  to  examine  whether  the  natural  energy 
spread  would  fluctuate.  Details  of  the  simulation 
will  be  reported  elsewhere,  and  basic  formulae  are 
presented. 
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Fig.  1.  Bunch  shapes  evaluated  from  Hassinski  equation  for  the 
positive  a  (upper)  and  the  negative  or  (lower). 


An  zth  electron  which  is  characterized  by  the 
energy  deviation  and  the  time  deviation  from  the 
synchronous  phase  as  p(  ( dti ,  be ,)  changes  its  posi¬ 
tion  and  energy  turn  by  turn.  From  the  definition  of 
the  first-order  momentum  compaction  factor,  the 
arrival  time  of  the  electron  changes  after  one  turn 
as 

A  U  =  otSei(T0/E0 ).  (6) 

Change  of  the  energy  in  one  turn  is  expressed  by 

Ae =  beie-u«IE«  -  U0  -  g(SU0)  -  Fwake(<5tf) 

+  Frf  cos  {(j)  o  +  (7) 

where  the  first  term  expresses  the  synchrotron 
damping  and  the  last  term  is  the  acceleration  in 
an  RF  cavity.  Energy  loss  due  to  synchrotron 
radiation  U0  should  fluctuate  due  to  the  quantum 
effect,  so  that  the  Gaussian  random  number  g  is 


added  to  produce  a  finite  energy  spread  and  the 
bunch  length,  which  should  correspond  to  the 
natural  ones  in  a  case  of  no  wake  field.  Since 
the  wake  field  results  from  the  collective  effect  of 
the  bunch,  the  particles  are  put  into  bins  in  the 
simulation  to  create  the  wake  field  (particle-in-cell 
method).  Results  of  the  simulation  for  the  pure 
inductive  impedance  are  shown  in  Fig.  2.  A  very 
good  agreement  with  the  solution  of  the  Haissinski 
equation  for  the  bunch  lengthening  can  be  seen 
for  the  positive  a.  In  case  of  the  negative  a, 
the  bunch  shortening  occurs  in  a  low-charge 
region,  but  then  the  bunch  length  increases  in  a 
region  above  the  upper  bound  of  the  Haissinski 
equation,  which  is  made  up  by  an  enhancement  of 
the  energy  spread. 

Experimental  data  are  also  shown  in  Fig.  2  [7], 
where  an  inductance  of  L  =  130  nH  and  calculated 
(7t0  and  <7£o  are  used  to  normalize  to  the  charge  r  of 
Eq.  (5).  One  can  see  not  only  an  agreement  of 
qualitative  behavior  of  the  bunch  lengthening  but 
also  that  the  absolute  values  agree  well  with  experi¬ 
mental  data.  The  growth  of  the  energy  spread  in  the 
negative  a  operation  is  not  reproduced  well  by  the 
simulation,  and  an  inductance  of  L  =  70  nH  is  suit¬ 
able  to  fit  the  experimental  data.  The  model  of  the 
wake  field  expressed  in  Eq.  (3)  is  generally  able  to 
be  applied  for  the  low-frequency  regime  of  the  BB 
resonator,  and  frequency  dependence  of  the  impe¬ 
dance  has  been  neglected  in  the  simulation.  In  the 
high-frequency  regime,  the  resistive  part  steeply 
increases;  meanwhile  the  inductive  part  gradually 
decreases.  Because  the  bunch  is  shortened  due  to 
the  inductive  impedance  in  the  negative  a  opera¬ 
tion,  which  means  the  high-frequency  component 
gets  larger  in  the  spectrum,  the  simulation  employ¬ 
ing  the  constant  inductive  impedance  would  not 
reproduce  all  of  the  experimental  data.  Moreover, 
the  experimentally  deduced  energy  spread  from 
modulation  factors  of  the  spontaneous  radiation 
must  be  affected  by  the  transverse  beam  emittance 
[8],  so  that  there  have  been  some  ambiguities  in  the 
data.  However,  it  may  be  concluded  that  the  overall 
trend  of  the  bunch  lengthening  for  both  the  positive 
and  the  negative  a  operation  has  been  well  inter¬ 
preted  by  potential-well  distortion  due  to  the  in¬ 
ductive  impedance  based  on  the  BB  resonator 
model. 
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Fig.  2.  Normalized  charge  dependences  of  the  bunch  length  (a)  and  the  energy  spread  (b).  The  solid  lines  in  (a)  indicate  the  numerical 
solution  of  the  Haissinski  equation  with  the  pure  inductive  impedance,  and  the  broken  lines  in  both  figures  are  results  of  the  simulation 
of  the  bunch  lengthening.  Measured  bunch  length  and  energy  spread  for  the  positive  a  and  the  negative  a  operations  are  shown  by  closed 
and  open  circles,  respectively,  where  the  inductive  impedance  of  1 30  nH  is  used  to  normalized  the  average  beam  current  to  the  charge  F. 


3.  Simulation  of  the  FEL  oscillation 

3.1.  Q-switched  lasing 

Q-switched  lasing  can  provide  much  higher  peak 
power  than  that  of  cw-lasing  because  the  laser 
develops  from  a  completely  damped  state  of  the 
electron  bunch  [9].  To  discuss  evolution  of  the 
longitudinal  phase  space,  Q-switched  lasing  is  quite 
complicated  because  (1)  the  FEL  power  density 
may  reach  a  strong  saturation  regime,  and  then 
(2)  the  final  momentum  distribution  of  the  electrons 
is  quite  non-linear  versus  the  FEL  power,  parti¬ 
cularly  in  the  case  when  an  optical  klystron  is  used. 
Furthermore  (3)  it  seems  to  be  affected  by  the 
synchrotron  oscillation  even  during  a  short  period 
of  the  lasing.  Although  these  issues  have  been  inves¬ 
tigated  by  simulations  and  analytical  methods 
[10,11],  here  we  focused  on  differences  in  the 
Q-switched  lasing  coming  from  the  sign  of  the 


momentum  compaction  factor  and  potential-well 
distortion. 

The  FEL  interaction  has  been  added  to  Eqs.  (6) 
and  (7)  for  the  simulation,  where  the  equation  of 
motion  of  the  electrons  including  the  pon- 
deromotive  force  is  numerically  evaluated  for  the 
individual  particle  during  propagating  in  an  optical 
klystron.  To  simplify  the  model,  the  longitudinal 
FEL  distribution  is  also  divided  into  the  identical 
cells  of  particles.  Parameters  of  the  storage  ring  and 
the  FEL  devices  such  as  the  optical  klystron  have 
been  chosen  to  be  close  to  those  of  the  UVSOR- 
FEL,  which  are  shown  in  Table  1.  A  total  charge  of 
F  =  10  is  chosen  as  a  typical  beam  current 
(  ~  25  mA  on  the  UVSOR  ring),  and  the  result  of 
the  bunch  length  simulation  is  used  as  an  initial 
phase-space  distribution  of  the  electrons.  The  elec¬ 
trons  always  get  into  random  phases  of  the  optical 
wave  because  of  the  large  magnitude  of  a,  but  the 
perfect  synchronism  between  the  optical  bunch  and 
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Table  1 


Employed  parameters  for  the  simulation 


Storage  ring  parameters 

Optical  parameters 

Beam  energy 

E0  =  600  MeV 

Polarity 

Complete  helical 

RF  frequency 

/RF  =  90.108  MHz 

Period  length 

Xu  =  0.11  m 

RF  voltage 

Frf  =  46  kV 

Period  number 

N  =  9x2 

Natural  energy  spread 

(7£o  =  203  keV 

Dispersive  section 

Nd  =  100 

Natural  bunch  length 

<rt0  =  132  ps 

FEL  wavelength 

2Fel  =  270  nm 

Normalized  charge 

r  =  10 

Peak  gain 

g0  =  1.6%  at  1=  10  A 

Inductive  impedance 

L  —  130  nH 

Cavity  loss 

0.5% 

the  electron  bunch  is  kept  at  the  entrance  of  the 
optical  klystron  at  each  turn. 

One  of  representative  results  is  summarized  in 
Fig.  3,  where  a  cavity  loss  of  0.5%  is  employed 
which  is  a  typical  realistic  value.  In  the  case  of  the 
negative  a,  the  maximum  Q-switched  laser  power  is 
much  higher  than  that  of  the  positive  a,  which  is 
considered  to  result  from  the  high  peak  current  of 
the  shorter  bunch.  However,  a  phase-space  oscilla¬ 
tion  with  a  large  amplitude  begins  from  the  early 
stage  of  lasing,  and  meanwhile  the  evolution  of  the 
phase  space  is  more  moderate  in  the  positive  a  case. 
Those  details  can  be  seen  in  the  two-dimensional 
particle  distributions  shown  in  Fig.  4.  Although  the 
initial  particle  distribution  is  completely  collapsed 
at  the  start-up  of  lasing,  the  electron  population  is 
still  centered  in  the  bunch  and  the  FEL  can  grow. 
After  the  FEL  interaction,  the  phase  space  becomes 
far  from  the  equilibrium  state  of  the  inductive  wake 
field;  then  the  particle  distribution  goes  into  a  viol¬ 
ent  oscillation.  The  evolution  of  the  particle  distri¬ 
bution  of  the  positive  a  case  is  in  good  agreement 
with  our  previous  observation  by  using  a  dual¬ 
sweep  streak  camera  [12]. 

3.2.  Equilibrium  state 

Because  of  a  very  slow  synchrotron  damping 
time,  the  simulation  is  unlikely  to  reach  an  equilib¬ 
rium  state  of  FEL  power  and  phase  space.  To  reach 
an  equilibrium  state  in  a  reasonable  cpu  time,  the 
damping  time  was  reduced  in  the  following  calcu¬ 
lations.  However,  in  this  case  the  natural  bunch 
length  is  also  reduced  because  it  comes  from  an 
equilibration  between  the  quantum  excitation  and 
the  synchrotron  damping.  A  change  of  the  rms 


Fig.  3.  Results  of  simulation  of  the  FEL  oscillation  for  the  first 
macropulse.  The  solid  line  and  the  dotted  line  indicate  the 
negative  a  and  the  positive  a  operations,  respectively. 

energy  spread  in  one  turn  can  be  expressed  as 

A<7£  =  \_-Jo2c  +  dUl  -  aj  ~—<xE  (8) 

'te 

where  SU0  is  the  rms  energy  width  of  synchrotron 
radiation  used  for  the  Gaussian  random  number  in 
Eq.  (7)  and  t£  is  the  damping  time.  The  equilibrium 
energy  spread  (A<re  =  0)  is  cr£  =  SU 0^/t£/(2T0).  If 
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Fig.  4.  Simulated  electron  distributions  during  a  lasing  of  the 
first  macropulse  for  the  positive  a  (upper)  and  the  negative 
a  (lower)  operations. 


power  evolution  employing  a  fast  damping  time 
(x  =  100)  is  shown  in  Fig.  5,  where  the  cavity  loss  is 
rather  large  (1%).  Since  the  saturated  FEL  power  is 
evaluated  to  be  inversely  proportional  to  the  damp¬ 
ing  time  from  the  first-order  approximation  [13], 
the  simulation  is  obviously  overestimated,  but  they 
may  be  relatively  comparable  with  each  other. 
The  first  macropulse  in  the  negative  a  is  still 
much  larger  than  that  in  the  positive  a  and 
following  macropulses  quickly  come  back. 
However,  one  cannot  see  any  significant  difference 
in  the  saturation  levels  of  the  FEL  power.  At 
a  glance,  there  is  also  no  apparent  difference  in  the 
Poincare  plots  of  phase  spaces  shown  in  the  insert. 
It  can  be  noted  that  a  beam  heating  effect  due  to  the 
FEL  interaction  is  much  stronger  than  the  effect 
of  the  wake  field  and  dominates  the  longitudinal 
dynamics. 


4.  Concluding  remarks 


Fig.  5.  Simulated  FEL  power  evolutions  for  the  negative  a  and 
the  positive  a  operations  indicated  by  solid  and  dotted  lines, 
respectively,  where  the  synchrotron  damping  time  is  reduced  by 
a  factor  of  100.  The  insert  shows  the  final  longitudinal  phase 
spaces  of  the  electrons. 


the  damping  time  is  shortened  to  be  r  the  width 
of  the  Gaussian  random  number  must  be  increased 
to  ^/x5U0  to  create  the  same  natural  bunch  length 
and  the  energy  spread.  A  result  of  simulated  FEL 


Above  the  upper  bound  of  the  Haissinski  equa¬ 
tion  for  the  negative  a  operation,  the  simulation 
shows  the  bunch  is  lengthened  by  increasing  the 
energy  spread,  which  is  in  good  agreement  with 
the  experimental  data.  For  the  positive  a  operation, 
the  trend  of  the  bunch  lengthening  mostly  corre¬ 
sponded  to  the  solution  of  the  Haissinski  equation 
and  to  the  simulation  as  well.  Since  the  Boussard 
criterion  for  the  microwave  instability  took  only 
the  natural  energy  spread  and  the  bunch  length 
into  account,  the  bunch  lengthening  effect  due  to 
the  inductive  wake  field  should  be  included;  conse¬ 
quently  the  threshold  current  for  microwave  insta¬ 
bility  may  be  rather  high. 

Even  though  the  energy  spread  is  increased  at  the 
negative  a,  the  FEL  oscillation  is  possible  and  there 
particularly  seems  an  advantage  for  the  Q-switched 
macropulse  because  the  electron  population  is 
centered  in  the  bunch.  Because  of  no  transverse 
effect  included  in  the  simulation,  the  result  may  not 
always  represent  the  actual  phenomena.  However, 
the  longitudinal  beam  dynamics  normally  plays  an 
important  role  in  the  FEL  oscillation,  so  that  these 
results  will  be  valuable  for  further  experimental 
study. 
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Abstract 

The  main  features  and  novel  technical  aspects  of  a  new  European  project  to  integrate  a  free-electron  laser  on  an 
existing  “third  generation”  synchrotron  radiation  user  facility  are  described,  including  the  design  of  the  optical  cavity  and 
undulator,  the  electron  beam  characteristics  and  a  first  assessment  of  the  predicted  laser  performance.  ©  1999  Elsevier 
Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Sincrotrone  Trieste,  in  collaboration  with 
SPAM/LURE,  CLRC-Daresbury  Laboratory,  the 
University  of  Dortmund  (DELTA  Project), 
ENEA-Frascati  and  Max-lab,  and  with  partial 
EU  funding,  has  recently  begun  a  3  year  project 
to  develop  a  UV/VUV  free-electron  laser  on 
ELETTRA,  Europe’s  first  “third  generation”  high- 
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brightness  synchrotron  radiation  source  for  the 
VUV/soft  X-ray  region. 

The  goals  of  the  project  are  orientated  towards 
its  future  use  as  a  user  facility ,  rather  than  in  FEL 
development  per  se,  and  in  general  towards  the 
advancement  of  SRFELs  as  part  of  future  Euro¬ 
pean  synchrotron  radiation  facilities  (e.g.  the  pro¬ 
posed  SOLEIL  (France)  and  DIAMOND  (UK) 
projects).  The  aims  of  the  project  are  therefore  to 
demonstrate: 

•  Lasing  over  a  broad  spectral  range  from  350  nm 
to  below  200  nm;  although  setting  lasing 
wavelength  records  is  not  the  primary  goal  of  the 
project,  extending  operation  below  200  nm  is 
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nevertheless  of  very  great  interest  in  order  to 
extend  the  range  of  scientific  possibilities  for  the 
utilization  of  the  radiation. 

•  Operation  of  the  laser  while  continuing  to  pro¬ 
vide  stable  synchrotron  radiation  (SR)  beams  for 
other  users;  even  though  the  operational  energy 
and  current  will  be  lower  than  that  in  routine 
operation,  the  FEL  mode  is  still  of  potential 
interest  for  a  significant  number  of  beamlines 
that  do  not  require  the  highest  photon  energies 
and  which  in  particular  want  to  perform  experi¬ 
ments  that  make  use  of  the  time  structure  of  the 
radiation. 

•  Use  of  the  laser  to  perform  pilot  experiments 
both  by  itself  and  also  in  synchronism  with  SR 
from  another  beamline. 

We  hope  to  meet  these  objectives,  not  only  by 
means  of  an  active  collaboration  between  all  of 
the  European  laboratories  presently  interested  in 
SRFEL  development,  but  through  a  combina¬ 
tion  of  the  following  technical  features: 

•  Use  of  a  high-quality  electron  beam  from  a  “3rd 
generation”  synchrotron  radiation  source  pro¬ 
viding  a  low  emittance  and  short  bunch  length 
and  therefore  a  higher  gain  than  in  presently 
operating  experiments. 

•  Operation  at  higher  energy  than  existing  experi¬ 
ments,  providing  the  potential  of  higher  power 
output  and  better  compatibility  with  regular  SR 
operation. 

•  Use  of  a  helical  undulator/optical  klystron  to 
reduce  the  power  density  of  the  spontaneous 
radiation  and  hence  the  degradation  of  the  mir¬ 
rors,  as  successfully  demonstrated  at  UVSOR 
[1],  as  well  as  for  increased  gain  compared  to 
a  linearly  polarized  device. 

•  Use  of  a  sophisticated  mirror  chamber  that 
will  contain  three  remotely  interchangeable 
mirrors  to  make  the  best  use  of  the  limited 
commissioning  time,  and  also  to  allow  a  greater 
wavelength  range  to  be  covered  for  future 
experiments. 

The  combination  of  higher  gain  and  lower  spon¬ 
taneous  radiation  power  should  alleviate  the  main 
difficulty  that  has  been  associated  with  UV  storage 
ring  FELs,  namely  mirror  deterioration,  and  there¬ 
fore  may  allow  more  flexibility  in  the  type  and 


quality  of  mirrors  that  can  be  used,  permitting  for 
example  a  trade-off  between  reflectivity  and 
wavelength  range.  However,  mirror  quality  will  still 
remain  a  very  important  factor,  particularly  for 
extending  to  the  shortest  wavelengths  and  also  for 
higher  power  operation  [2].  A  programme  of  mir¬ 
ror  development  will  therefore  be  pursued,  and 
partly  in  connection  with  this  project  the  mirror 
characterization  system  developed  by  the  Super- 
ACO  group  for  the  UV  [2]  will  be  extended  to 
shorter  wavelengths. 


2.  Choice  of  main  parameters 

2.1,  Energy 

The  advantage  of  FEL  operation  at  lower  energy 
is  that  it  provides  higher  gain  and  reduced  spontan¬ 
eous  power  emission,  whereas  higher  energy  offers 
higher  laser  power,  generally  better  beam  stability 
and  lifetime  and  better  compatibility  with  normal 
SR  utilization.  As  a  reasonable  compromise,  and 
also  for  convenience,  initial  operation  will  be  at 
1  GeV,  since  this  is  the  normal  injection  energy  of 
ELETTRA.  Nevertheless,  since  ELETTRA  nor¬ 
mally  operates  at  2  GeV  for  SR  users,  higher  energy 
operation  would  clearly  be  beneficial.  This  is  also 
of  great  importance  for  the  integration  of  FELs 
on  future  SR  facilities,  and  so  we  also  plan  to 
explore  this  aspect  at  a  later  phase  of  the  present 
project. 

2.2.  Undulator/optical  klystron  parameters 

The  choice  of  undulator  period  generally  in¬ 
volves  a  compromise  between  higher  gain  (favour¬ 
ing  a  shorter  period  length  with  increased  number 
of  periods)  and  lower  spontaneous  power  emission 
(favouring  a  longer  period  and  therefore  reduced 
field  strength  at  the  same  operating  wavelength). 
In  addition,  a  longer  period  allows  a  device 
with  a  higher  K  value  to  be  built  that  allows 
more  scope  for  a  later  increase  in  operating  en¬ 
ergy.  In  the  present  case  the  spontaneous  radia¬ 
tion  power  is  of  much  less  concern  because  of 
the  choice  of  a  helical  undulator  in  which  the 
power  density  is  minimum  on-axis.  In  fact,  the 
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integrated  power  over  practical  mirror  sizes  de¬ 
pends  only  weakly  on  undulator  period,  and  mar¬ 
ginally  favours  shorter  period  lengths  since  the  on- 
axis  power  density  decreases  with  increasing 
K  value. 

Another  important  factor  that  has  to  be  taken 
into  account  is  the  fact  that  the  undulator  will 
also  be  used  as  a  source  of  radiation  with  both 
linear  and  circular  polarization  for  a  photoemis¬ 
sion  electron  microscopy  (PEEM)  beamline,  de¬ 
signed  to  operate  in  the  region  30  eV-1  keV  at 
2GeV.  Optimization  of  the  undulator  for  this 
purpose  also  involves  a  compromise  between  ob¬ 
taining  the  highest  flux  at  high  energy  (favouring 
a  shorter  period)  and  reducing  the  radiation 
power  density  to  a  level  that  does  not  deteriorate 
the  beamline  optical  elements  (favouring  longer 
periods). 

After  examining  both  aspects  in  detail  it  was 
concluded  that  a  period  of  100  mm  is  the  best 
choice  for  both  applications.  The  corresponding 
minimum  K  value  for  operation  at  350  nm  is  then 
5.08  (circular  mode,  1  GeV). 

Having  thus  chosen  the  period  length,  in  order  to 
provide  more  flexibility  to  increase  the  operating 
energy  at  a  later  stage  of  the  project,  it  is  clearly 
beneficial  to  increase  the  field  strength  to  the  max¬ 
imum  reasonably  achievable  value,  taking  eco¬ 
nomic  factors  also  into  account.  The  K  value  for 
the  proposed  design  (see  below)  is  in  the  range 


5.9-6. 3,  depending  on  the  actual  permanent  magnet 
performance  and  final  operating  gap  that  will  be 
achieved.  In  this  way  operation  at  350  nm  should 
be  possible  up  to  about  1.2  GeV,  and  250  nm  up  to 

1.4  GeV. 

2.3.  Optical  cavity  parameters 

The  practical  lengths  of  cavities  that  allow  syn¬ 
chronism  with  possible  bunch  patterns  in 
ELETTRA  (harmonic  number  =  432)  are  21.6, 32.4 
and  43.2  m,  corresponding  to  6,  4  and  3  bunch 
operations,  respectively.  The  length  chosen  is 

32.4  m  which  is  the  shortest  that  allows  both  cavity 
mirror  chambers  to  be  located  outside  the  ring 
shielding  wall,  a  necessary  condition  because  of  the 
limited  periods  of  accessibility  to  the  ring  tunnel. 
Fig.  1  shows  the  planned  layout  of  the  optical 
cavity  in  the  corresponding  ELETTRA  straight 
section.  For  radiation  safety  reasons  the  front  mir¬ 
ror  will  be  located  in  a  separately  shielded  area  to 
which  access  will  only  be  permitted  with  the  beam¬ 
line  shutter  closed. 

Table  1  lists  the  main  parameters  of  the  optical 
cavity.  The  present  choice  of  4  m  for  the  Rayleigh 
range  is  a  compromise  between  increased  gain  and 
reduced  laser  power  density  on  the  mirrors  (lower 
ZR)  or  better  stability  (larger  ZR).  Centring  the 
mode  at  the  undulator  centre  then  leads  to  the 
mirror  radii  in  the  table. 
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Table  1 

Main  parameters  of  the  ELETTRA  FEL  project 


FEL  beam 

Wavelength  range 

350  nm  —  <  200  nm 

Initial  value 

350  nm 

Average  power 

<  10W 

Peak  power 

<  150  kW 

Pulse  energy 

<  1  pJ 

Pulse  length  (rms) 

~  1-5  ps 

Line  width 

~  0.3-1. 5  x  10-3 

Repetition  rate 

4.6  MHz 

Electron  beam 

Energy 

1  GeV 

No.  bunches 

4 

Max.  total  current 

100  mA 

Natural  rms  emittance 

1.7  nm  rad 

Natural  rms  energy  spread 

0.04% 

Natural  rms  bunch  length 

6.3  ps 

Current/bunch 

10  mA  20  mA 

Bunch  length 

25  ps  30  ps 

Peak  current 

140  A  230  A 

Energy  spread 

0.16%  0.19% 

Optical  cavity 

Cavity  length 

32.4  m 

Distances  from  mirrors  to 
undulator  centre 

17.7  m,  14.7  m 

Waist  position 

Centre  of  undulator 

Rayleigh  length 

4m 

Mirror  radii 

18.6,  15.8  m 

Stability  parameter 

0.78  m 

Waist  size  (w,  350  nm) 

0.67  nm 

Undulator 

Type 

Permanent  magnet, 
APPLE-2, 
optical  klystron 

Period  length 

100  mm 

No.  of  periods 

2x20 

Total  length  (including  modulator) 

4.7  m 

Minimum  gap 

18  mm 

Permanent  magnet  block  sizes 

35  mm  x  35  mm  x  25  mm 

Maximum  K  value  (circular  mode) 

5.9-6.3 

Nominal  K  value  (350  nm) 

5.08 

3.  Mirror  chambers 

Fig.  2  shows  the  present  design  of  the  mirror 
chambers  which  contain  three  remotely  inter¬ 
changeable  mirrors  of  up  to  40  mm  diameter,  as 
well  as  permitting  a  straight-through  direction 


for  use  of  the  spontaneous  undulator  radiation. 
Positioning  of  the  mirrors  is  achieved  by  eight 
remotely  controllable  systems:  three-axis  position¬ 
ing  external  to  the  vacuum,  in-vacuum  vertical 
motion  for  mirror  exchange,  in-vacuum  coarse 
(motor)  and  fine  (piezo)  pitch  and  yaw  motions. 
Inserting  and  removing  mirrors  will  be  performed 
via  a  separately  pumped  side  chamber,  so  as  not 
to  disturb  the  vacuum  of  the  main  mirror  cham¬ 
ber.  The  units  are  designed  to  reach  UHV  condi¬ 
tions  ( ~  10-lombar)  and  so  all  components  are 
bakeable.  The  chambers  will  be  pumped  by  a 
400 1/s  ion  pump  and  two  70 1/s  NEG  cartridges. 
The  support  will  be  constructed  of  synthetic 
granite  in  order  to  be  rigid,  but  minimizing  thermal 
expansion. 

4.  Undulator/optical  klystron 

A  Sasaki  APPLE-2  design  has  been  chosen  for 
the  undulator  construction  in  order  to  give  the 
required  flexibility  for  producing  synchrotron  radi¬ 
ation  with  both  circular  (right  and  left  handed)  and 
linear  polarization.  This  is  also  a  convenient  choice 
since  a  number  of  other  devices  of  this  type  will  be 
built  for  ELETTRA  in  the  next  2  years  [3]:  two 
other  straight  sections  will  each  accommodate  two 
devices  of  different  period  length  each  with  a  total 
length  of  2.0-2. 1  m.  The  first  device  (36  periods 
of  6  cm)  is  presently  under  final  assembly,  and 
a  7-period  prototype  has  already  been  successfully 
tested  [3].  The  optical  klystron  configuration  will 
therefore  be  implemented  by  means  of  two  separate 
undulators  of  standard  length  with  a  suitably  de¬ 
signed  modulator  in  between. 

Such  an  arrangement  offers  a  further  flexibility 
-  the  possibility  of  generating  linear  polarization  by 
interference  of  two  circularly  polarized  beams  that 
are  polarized  in  opposite  directions  [4].  The  ad¬ 
vantage  is  that  the  radiation  contains  only  a  single 
harmonic  on-axis  and  has  therefore  the  same  low 
power  density  characteristic  of  a  helical  device. 

Having  decided  the  period  length  (see  above), 
and  given  the  minimum  magnet  gap  of  18  mm,  only 
the  permanent  magnet  block  sizes  remains  to  be 
decided.  Assuming  the  same  block  clamping  ar¬ 
rangement  used  on  the  first  device  [3],  a  square 
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cross  section  is  appropriate  in  order  to  reduce  the 
number  of  different  block  types  and  increase  the 
options  available  for  block  sorting.  The  proposed 
choice  of  35  x  35  mm2  blocks  is  a  reasonable  com¬ 
promise  between  performance  and  increasing  cost 
and  magnetic  forces.  The  final  parameters  are  sum¬ 
marized  in  Table  1. 


5.  Electron  beam  performance 

Table  1  lists  the  relevant  parameters  of 
ELETTRA  in  the  FEL-mode.  Currents  in  excess  of 
50  mA  have  been  obtained  in  the  single  bunch 
mode,  however  recent  tests  in  4-bunch  mode  have 
so  far  been  restricted  to  25  mA/bunch  in  order  not 
to  risk  excessive  parasitic  mode  loss  heating  until 
temperature  monitoring  of  critical  components  (e.g. 
bellows  and  other  objects  with  RF  shielding)  can  be 


installed.  The  maximum  permitted  total  current  of 
100  mA  was  able  to  accumulate  easily  in  the  4- 
bunch  mode.  The  lifetime  was  of  the  order  of  1.5  h, 
dominated  by  the  scattering  of  electrons  within 
the  same  bunch  (Touschek  effect).  The  measured 
value  is  consistent  with  the  calculated  Touschek 
lifetime  using  the  measured  bunch  lengths  (see 
below)  and  assuming  reasonable  values  for  the 
emittance  (2xthe  natural  value  to  account  for 
the  expected  degree  of  intra-beam  scattering)  and 
coupling  ( ~  3%). 

Earlier  measurements  of  bunch  length  in  single 
bunch  mode  using  both  a  streak  camera  and  fast 
photodiode  gave  consistent  results,  namely  25  ps 
(rms)  at  10  mA/bunch  and  30  ps  at  20  mA/bunch, 
i.e.  a  factor  of  4  and  4.8  times  larger  than  the 
theoretical  zero-current  value  (6.3.  ps),  respectively. 
Applying  the  same  factor  to  the  energy  spread 
results  in  the  values  given  in  Table  1. 
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Beam  stability  is  generally  more  difficult  to 
achieve  at  1  GeV  compared  to  the  normal  operat¬ 
ing  energy  of  2  GeV,  since  the  thresholds  for 
coupled  bunch  instabilities  are  much  lower,  be¬ 
cause  of  the  much  longer  radiation  damping  times. 
With  a  complete  filling  of  the  ring  therefore  the 
beam  is  unstable,  however  in  the  four-bunch 
case  the  situation  is  radically  different  because 
there  are  many  fewer  coupled  bunch  modes.  In 
preliminary  experiments  it  has  been  verified  that  by 
appropriate  tuning  of  the  RF  cavity  temperatures, 
which  control  the  higher-order  mode  frequencies,  it 
is  possible  to  find  a  situation  in  which  all  modes  are 
stable  with  a  maximum  residual  rms  amplitude  of 
the  order  of  0.5°  of  RF  phase,  corresponding  to 
3  ps,  significantly  smaller  therefore  than  the  mea¬ 
sured  bunch  lengths.  The  transverse  stability  also 
appears  to  be  very  good,  with  transverse  betatron 
sidebands  only  appearing  at  the  highest  currents. 

Further  studies  of  bunch  length  and  beam  stabil¬ 
ity  will  be  made  over  the  forthcoming  months  using 
a  new  dual-sweep  streak  camera  due  to  be  commis¬ 
sioned  in  October.  Attempts  will  also  be  made  to 
measure  the  energy  spread  and  also  to  increase  the 
vertical  beam  size  in  order  to  improve  the  beam 
lifetime,  by  moving  closer  to  the  coupling  reson¬ 
ance.  The  development  of  a  digital  transverse  feed¬ 
back  system  for  normal  multibunch  operation  is 
also  proceeding  in  parallel,  which  could  be  applied 
to  the  FEL  mode  if  required. 


6.  FEL  performance 

Using  the  electron  beam,  undulator  and  optical 
cavity  parameters  given  in  Table  1  results  in  a  cal¬ 
culated  small  signal  gain  of  40%  per  pass,  in  the 
case  of  a  standard  helical  undulator  at  350  nm  with 
20  mA/bunch.  In  the  optical  klystron  case,  a  max¬ 
imum  of  60%  is  obtained,  with  an  optimized  modu¬ 
lator  delay  parameter  of  Nd  «  20.  Because  of  the 
high  K  value  the  gain  does  not  change  significantly 
between  350  and  200  nm. 

Preliminary  calculations  of  the  average  power 
have  also  been  carried  out.  Depending  on  the 


model  used  to  take  into  account  the  combined 
effect  of  FEL  interaction  and  the  microwave  insta¬ 
bility  on  the  longitudinal  distribution  of  the  elec¬ 
tron  beam,  the  resulting  average  output  power  lies 
in  the  range  1-10  W. 

Concerning  the  characteristics  of  the  laser  pulse, 
theory  predicts  at  the  Fourier  limit  a  laser  pulse 
length  given  by  ax  =  JazNh  where  oz  is  the  elec¬ 
tron  bunch  length,  and  corresponding  linewidth 
A k/k  =  y/(. k/Ncrz)/n  [5].  In  the  present  case  this 
predicts  a  laser  pulse  length  of  about  1  ps  and 
linewidth  of  3  x  1(T4.  In  practice  larger  values  than 
those  corresponding  to  the  Fourier  limit  have  been 
observed  depending  on  the  stability  and  detuning 
[6,7].  Based  on  this  experience  we  expect  the  FEL 
pulse  in  the  present  case  to  be  in  the  range  1-5  ps 
with  a  linewidth  of  0.03-0.15%.  To  take  a  specific 
example,  5  W  average  power  corresponds  to 
a  pulse  energy  of  1  pJ  and  with  3  ps  (rms)  pulse 
width  corresponds  to  a  peak  power  of  150  kW. 

7.  Conclusion 

An  active  project  to  develop  the  first  storage  ring 
FEL  on  an  operating  third-generation  synchrotron 
radiation  user  facility  has  been  described.  Prelimi¬ 
nary  calculations  suggest  that  the  combined  effects 
of  a  higher  quality,  higher  energy  electron  beam, 
together  with  the  use  of  a  helical  undulator,  should 
allow  FEL  performance  levels  that  significantly 
exceed  present  day  values  to  be  achieved. 
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Abstract 

Electron-beam  qualities  improved  by  chromaticity  correction  in  the  storage  ring  NIJI-IV  were  investigated  at  the 
beam  energy  of  309  MeV.  Sextupole-quadrupole-sextupole  (SQS)  magnets,  which  were  installed  in  all  of  the  short- 
straight  sections  in  NIJI-IV,  perfectly  corrected  a  horizontal  and  a  vertical  chromaticity.  This  improvement  suppressed 
a  head-tail  instability,  so  that  higher  beam  current  (  -  30  mA)  and  higher  peak-electron  density  (  ~  6  x  1016  m"3)  were 
available  for  FEL  experiments.  The  maximum  FEL  gain  was  estimated  to  be  about  2.5%  at  a  wavelength  of  240  nm.  The 
lasing  of  an  FEL  around  300  nm  was  achieved  in  March  1998,  and  the  lasing  of  an  FEL  at  around  240  nm  was 
successfully  observed  in  May  1998.  The  shortest  wavelength  of  FELs  with  the  NIJI-IV  FEL  system  was  228  nm.  ©  1999 
Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Beam  quality;  NIJI-IV;  Chromaticity  correction 


1.  Introduction 

We  had  already  achieved  the  lasing  of  FELs 
between  595  and  349  nm  in  1994  [1],  but  it  was 
difficult  to  shorten  the  lasing  wavelength  due  to 
a  limitation  on  the  peak-electron  density  in 
a  bunch.  Various  electron-beam  instabilities  were 
observed  in  the  NIJI-IV  FEL  system  that  disturbed 
the  electron  bunch  and  reduced  the  density. 
A  head-tail  instability,  which  caused  a  limitation 
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on  the  single-bunch  current,  was  the  most  trouble¬ 
some  one.  It  was  hard  to  obtain  a  large  amount  of 
beam  current  ( ~  10  mA)  in  the  single-bunch 
operation.  Then  we  designed  SQS  magnets  [2]  and 
installed  them  in  the  restricted  spaces  between  the 
bending  magnets  where  the  dispersion  function  was 
large  in  the  operating  mode. 

The  experiments  with  these  SQS  magnets  started 
in  January  1998.  It  was  found  that  SQS  magnets 
perfectly  compensated  both  horizontal  and  vertical 
chromaticities.  Unusual  bunch  lengthening  which 
was  observed  before  this  improvement  decreased, 
and  a  higher  beam  current  (  ~  30  mA)  in  single¬ 
bunch  operation  was  available  for  FEL  experi¬ 
ments.  The  beam  cross  section  did  not  increase  as 
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the  beam  current  increased.  The  peak-electron  den¬ 
sity  in  a  bunch  was  thus  not  limited  and  the 
head-tail  instability  was  adequately  suppressed  by 
the  chromaticity  correction.  The  peak-electron 
density  in  a  bunch  was  over  6xl016m"3.  This 
maximum  attainable  density  is  5  times  higher  than 
the  density  before  the  improvement  [3]. 

As  a  result,  we  achieved  lasing  at  a  wavelength  of 
around  300  nm  in  March  1998  [4]  and  around 
240  nm  in  May  1998.  The  electron  energy  during 
the  lasing  was  309  MeV,  and  the  deflection  para¬ 
meter  of  an  optical  klystron  was  set  to  2.02 
(300  nm)  and  1.70  (240  nm).  The  maximum  FEL 
gain  at  a  wavelength  of  240  nm  was  2.5%.  In  this 
article,  we  discuss  the  improvement  of  the  beam 
qualities  and  its  effect  for  the  wavelength  shorten¬ 
ing  in  the  NIJI-IV  FEL. 

2.  Chromaticity  correction 

Though  several  beam  instabilities  were  observed 
in  the  NIJI-IV  FEL  system,  we  concluded  that  the 
limitation  of  the  beam  current  was  caused  by 
a  head-tail  instability  [2].  The  other  instabilities 
disturbed  the  beam  quality  but  were  not  associated 
with  beam  loss  directly.  There  were  not  enough 
sextupole  magnets  in  NIJI-IV  at  that  time.  The 
proper  location  for  sextupole  magnets  where  the 
dispersion  function  was  large  enough  was  on  each 
side  of  the  QF2  magnet  in  the  short-straight  sec¬ 
tions,  but  there  was  only  a  small  space  for  two 
sextupoles  and  one  quadrupole  magnet.  We  there¬ 
fore  developed  a  compact  SQS  magnet  that  had 
a  small  pole  length  by  using  a  small  bore  of  45  mm 
[2].  Both  sextupole  magnets  (SF  and  SD)  were 
designed  to  correct  the  horizontal  and  vertical 
chromaticities  with  a  magnet  current  of  5.00  A  at 
an  electron  energy  of  310  MeV.  An  SQS  magnet 
was  installed  between  bending  magnet  1  and  2  in 
1996,  and  the  rest  of  the  SQS  magnets  were  instal¬ 
led  in  each  of  the  short-straight  sections  in  1997.  At 
the  same  time,  an  RF  electrode  was  replaced  be¬ 
cause  the  old  one  caused  vacuum  leaks. 

Electron  injection  into  NIJI-IV  restarted  in  Jan¬ 
uary  1998.  The  operation  mode  of  the  ring  was 
changed  slightly  because  of  the  injection  efficiency. 
The  present  machine  function  of  NIJI-IV  is  shown 


in  Fig.  1.  The  natural  horizontal  and  vertical 
chromaticities  calculated  with  the  code  TRACY2 
[5]  were  -2.969  and  —4.173,  respectively.  The 
maximum  stored  current  in  the  ring  ranged  up  to 
260  mA,  which  almost  equaled  that  before  this  im¬ 
provement. 

The  chromaticities  were  measured  by  observing 
tune  shifts  with  change  of  revolution  frequency. 
Fig.  2  shows  the  experimental  data  of  the 
chromaticities.  We  note  that  both  chromaticities 
were  corrected  to  be  zero  in  the  case  of  SF  =  5.09  A 
and  SD  =  4.99  A.  In  order  to  suppress  the  head-tail 
instability,  the  chromaticities  should  be  corrected 
to  be  small  positive  values  [6].  This  correction  can 
effectively  damp  dipole  and  quadrupole  modes  of 
the  head-tail  oscillations  with  the  help  of  a  radi¬ 
ation  dumping.  Therefore,  SF  and  SD  were  set  to 
5.29  and  5.18  A,  respectively.  The  horizontal 
chromaticity  was  0.08  and  the  vertical  chromaticity 
was  0.15  in  the  present  operation  mode. 


3.  Improvement  of  the  beam  quality 

In  order  to  improve  the  beam  quality,  an  RF-KO 
method  [7]  was  applied  to  the  full  16-bunch  elec¬ 
tron  beam  to  realize  a  single-bunch  mode.  In  the 
present  operation  mode  with  the  chromaticity 
correction,  higher  beam  current  (  ~  30  mA)  in 
single-bunch  operation  was  available  for  FEL 
experiments.  Fig.  3  shows  the  dependence  of 
the  bunch  length  on  the  beam  current,  which  was 
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Fig.  2.  Measured  chromaticities  with  changing  the  SF  current 
(a)  and  changing  the  SD  current  (b).  The  SD  current  is  fixed  to  be 
5.176  A  in  Fig.  1(a)  and  the  SF  current  is  fixed  to  be  5.287  A  in 
Fig.  1(b).  The  solid  and  break  lines  mean  a  fitting  line  for  the 
horizontal  and  the  vertical  chromaticity,  respectively. 


measured  by  a  streak  camera  with  a  resolution  of 
18  ps.  We  note  that  the  bunch  length  after  the 
improvement  was  30%  shorter  than  that  before  the 
improvement.  The  main  reason  for  this  is  that  twice 
as  much  RF  power  became  available  for  the  experi¬ 
ments  due  to  a  new  RF  electrode.  In  the  case  of 
multi-bunch  operation,  a  bunch  lengthening  occur¬ 
red  even  at  low  current  due  to  a  strong  coupled- 
bunch  instability.  A  bunch  lengthening  in  single¬ 
bunch  operation  became  large  above  a  current  of 
2  m A.  Though  Fig.  3  does  not  show  it,  a  bump 
which  was  reported  before  [2]  often  appeared  from 


Beam  Current  [mA/bunch] 


Fig.  3.  Dependence  of  the  bunch  length  on  the  beam  current  at 
the  beam  energy  of  about  309  MeV.  The  rectangular  and  the 
circle  symbols  represent  the  bunch  length  before  and  after  the 
improvement,  respectively. 


2-4  mA  in  single-bunch  operation.  This  phenom¬ 
enon  could  be  a  kind  of  mode  transition. 

The  dependence  of  the  energy  spread  on  the 
beam  current  was  also  measured.  The  energy 
spread  was  measured  using  a  modulation  factor/ of 
the  spontaneous  radiation  spectra  from  the  optical 
klystron.  It  is  known  that  the  measured  /  is  the 
simple  product  of  the  individual/ factors,  that  is  to 
say ,f=fmfjy  [8].  Here  /m  is  due  to  the  mono- 
chromator ,/  is  due  to  angular  spread  of  the  elec¬ 
tron  beam  and  fy  is  due  to  the  energy  spread.  The 
energy  spread  is  given  as  a  coefficient  by  the  follow¬ 
ing  equation: 

-log2  =  87c^2(Ar  +  iVd)2  (1) 

with 

,  ^  f sin(n(N  +  N d)A2/2)~| 2 

~  L  +  Nd) A2/2  J  1  } 

where  N  is  the  period  number  of  one  undulator, 
Nd  is  the  interference  order  due  to  the  dispersive 
section,  A 2  is  a  resolution  of  the  monochromator 
and  X  is  the  observing  wavelength.  We  can  control 
Nd  by  changing  the  gap  of  the  dispersive  section,  so 
that  the  relation  between  f/fm  and  ( N  +  Nd)2  is 
found.  Fig.  4  illustrates  the  measured  energy-spread 
data.  An  increase  in  the  energy  spread  as  well  as  the 
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Beam  Current  [mA] 


Fig.  4.  Dependence  of  the  energy  spread  on  the  beam  current. 


bunch  lengthening  was  also  confirmed  above 
a  beam  current  of  2  mA.  This  suggests  that  the 
bunch  lengthening  would  be  caused  mainly  by 
a  microwave  instability,  and  that  the  threshold  of 
this  instability  is  about  2  mA. 

A  CCD  camera  was  used  to  measure  beam  sizes 
at  the  center  of  the  dispersive  section.  The  beam 
sizes  were  almost  constant  in  single-bunch  opera¬ 
tion  up  to  30  mA.  The  horizontal  size  ax  was  about 
0.77  mm  and  the  vertical  one  ay  was  about  0.26 
mm.  This  large  value  of  cry  indicates  that  the  vertical 
emittance  was  rather  large  (>10_8mrad).  The 
reason  for  the  large  vertical  emittance  could  be  the 
closed  orbit  distortion  (COD)  in  NIJI-IV.  How¬ 
ever,  the  dependence  of  the  beam  cross  section  on 
the  beam  current  which  was  observed  at  an  elec¬ 
tron  energy  of  263  MeV  before  [3]  did  not  occur. 
The  larger  oy  and  the  higher  electron  energy  should 
suppress  the  multiple  Touschek  effect.  Though  the 
theoretical  Touschek  lifetime  in  single-bunch  op¬ 
eration  is  about  60  min  at  the  bunch  current  of 
10  mA,  the  practical  lifetime  is  about  40  min  at  the 
same  bunch  current.  Scattering  between  residual 
gas  and  the  electron  beam  leads  to  this  difference  in 
the  lifetime. 

The  peak-electron  density  of  a  bunch  in  m~3, 
Ppeak  is  experimentally  determined  with  the  beam 
parameters  above: 


(2it)2/3e/reva  x<j ya  i 


Beam  Current  [mA] 


Fig.  5.  Experimental  measurement  of  the  peak-electron  density. 
The  open  and  the  solid  symbols  represent  the  peak-electron 
density  before  and  after  the  improvement,  respectively. 

where  Ie  is  the  beam  current,  e  is  the  elementary 
charge  and  /rev  is  the  revolution  frequency.  The 
dependence  of  ppeak  on  the  beam  current  before  and 
after  the  improvement  is  shown  in  Fig.  5.  The  peak 
electron  density  after  the  improvement  was  about 
5  times  as  high  as  that  before  the  improvement,  and 
it  was  over  6  x  1016  m-3.  The  peak-electron  density 
was  not  limited  in  the  measured  region  of  the  beam 
current.  This  fact  suggests  that  the  head-tail  insta¬ 
bility,  which  limited  the  peak-electron  density  be¬ 
fore  the  improvement,  was  adequately  suppressed 
by  the  chromaticity  correction.  If  we  can  store 
higher  beam  current  in  single-bunch  operation, 
higher  electron  density  will  be  available  for  FEL 
experiments. 

It  is  known  that  FEL  gain  G0  for  an  optical 
klystron  is  expressed  by  the  following  equa¬ 
tions  [9]. 

G0  =  1.12  x  10  ~13&2(N  +  Nd)K2 

X  [Jt©  -  Jo(0]2/PpeakFfr3 

£  =  K2(4  +  2  K2)-2  (4) 

where  y  is  the  relativistic  electron  energy,  Au  is  the 
period  length  of  the  undulator  and  F(  is  the  filling 
factor.  The  gain  for  the  NIJI-IV  FEL  system  was 
estimated  using  Eqs.  (4)  and  plotted  in  Fig.  6.  The 
deflection  parameter  of  the  optical  klystron  was  set 
to  2.02  for  an  FEL  at  300  nm  and  1.70  for  an  FEL 
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Fig.  6.  Calculated  FEL  gain  at  wavelength  of  300  nm  (solid 
circle)  and  240  nm  (open  circle).  The  parameter  Nd  is  set  to  be  65 
because  the  gain  is  at  its  maximum  in  the  region  of  20-25  mA. 
FEL  experiments  usually  start  from  this  current  region. 


at  240  nm,  respectively.  As  Fig.  6  shows,  an  FEL 
gain  of  ~  3.2%  at  300  nm  was  available  for  the 
present  NIJI-IV  FEL  system.  We  can  conclude  that 
the  FEL  gain  increases  by  a  factor  of  5  due  to  the 
chromaticity  correction  [2].  The  FEL  gain  at 
240  nm  was  about  20%  lower  than  that  at  300  nm 
because  of  the  difference  of  the  deflection  para¬ 
meter.  Though  the  initial  cavity  loss  of  the  optical 
cavity  in  NIJI-IV  was  0.3%  at  300  nm  and  0.5%  at 
240  nm,  the  loss  increased  to  about  0.5%  at 
300  nm  and  1.5%  at  240  nm  due  to  radiation  dam¬ 
age  of  the  cavity  mirrors.  Thus  it  is  noted  that  the 
NIJI-IV  FEL  system  should  have  enough  gain  to 
obtain  lasing  at  both  wavelengths.  FEL  experi¬ 
ments  were  carried  out  starting  in  March  1998, 
and  we  achieved  the  lasing  at  around  300  nm  on 
March  20  and  around  240  nm  on  May  7.  Specifi¬ 
cally,  the  laser  wavelength  with  mirrors  optimized 
around  240  nm  could  be  varied  from  253  to 
228  nm.  The  characteristics  of  the  FEL  under 
300  nm  are  reported  in  another  paper  [10]  in 
detail. 


4.  Conclusions 

We  have  shown  that  the  electron-beam  quality 
was  improved  by  the  chromaticity  correction  with 


the  SQS  magnets.  We  confirmed  that  the  SQS 
magnets  almost  corrected  both  chromaticities  with 
the  design  current.  Anomalous  bunch  lengthening 
was  decreased  and  higher  beam  current  (  ~  30  mA) 
in  single-bunch  operation  was  obtained.  Current- 
dependent  energy  spread  was  also  observed  in  the 
region  of  the  high  beam  current  (  ^  2  mA).  There¬ 
fore  the  bunch  lengthening  would  come  from 
a  microwave  instability.  It  was  confirmed  that  the 
beam  cross  section  hardly  depended  on  the  elec¬ 
tron-beam  current  in  single-bunch  operation.  The 
peak-electron  density  in  a  bunch  that  was  available 
for  the  FEL  experiments  is  5  times  as  high  as  that 
before  this  improvement.  The  current  limit  at  which 
the  peak-electron  density  saturates  has  not  been 
observed  in  single-bunch  operation  yet.  This  fact 
suggests  that  the  head-tail  instability,  which  lim¬ 
ited  the  peak-electron  density  before  this  improve¬ 
ment,  is  adequately  suppressed  by  the  chromaticity 
correction.  At  present,  the  single-bunch  current  is 
limited  by  a  kind  of  multi-bunch  instability  before 
the  RF-KO  method  reduces  the  number  of 
bunches.  If  we  improve  the  single-bunch  injection 
into  NIJI-IV  as  reported  previously  [11],  the 
peak-electron  density  will  be  higher.  We  will  re¬ 
place  an  RF  cavity  in  this  Autumn  because  the 
present  one  is  damaged  on  the  inside  surface  by 
electric  discharge.  This  improvement  might  reduce 
the  multi-bunch  instabilities  and  allow  higher 
peak-  electron  density. 

The  improvement  of  the  beam  quality  due  to  the 
chromaticity  correction  greatly  contributed  to 
the  lasing  of  the  FEL  at  the  shorter  wavelength.  We 
accomplished  FEL  lasing  at  around  300  and 
240  nm,  and  shortened  the  wavelength  down  to 
228  nm.  The  available  FEL  gain  was  estimated  to 
be  about  2.5%  at  240  nm.  Therefore,  it  should  be 
possible  to  obtain  an  FEL  gain  of  2.0%  even  at 
200  nm.  It  will  be  a  challenge  to  achieve  FEL  lasing 
at  even  shorter  wavelength  with  the  NIJI-IV  FEL 
system. 
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Influences  of  electron  beam  properties  on  spontaneous 
radiation  from  an  optical  klystron 

M.  Hosaka*,  J.  Yamazaki,  H.  Hama 

UVSOR  Facility,  Institute  for  Molecular  Science,  Myodaiji  Okazaki  444,  Japan 


Abstract 

Spectrum  of  the  radiation  from  an  optical  klystron  is  very  sensitive  to  the  beam  energy  spread  which  is  an  important 
factor  for  the  storage  ring  free  electron  laser.  In  order  to  make  use  of  the  spectrum  for  a  measurement  of  the  relative 
energy  spread,  we  have  investigated  influences  of  the  transverse  beam  property  on  the  spectrum  using  a  helical  optical 
klystron  on  the  UVSOR  storage  ring.  From  analysis  of  the  experimental  results,  it  has  been  found  that  the  most 
important  effect  comes  from  inhomogeneous  magnetic  fields  and  a  horizontal  beam  size.  ©  1999  Elsevier  Science  B.V. 
All  rights  reserved. 

Keywords:  Optical  klystron;  Modulation  factor 


1.  Introduction 

Information  about  the  energy  spread  of  the  elec¬ 
tron  beam  is  frequently  crucial  to  understand  the 
longitudinal  dynamics  of  free  electron  laser  oscilla¬ 
tion  on  storage  ring  [1,2].  Conventionally,  the 
beam  energy  spread  in  a  storage  ring  has  been 
evaluated  by  measuring  the  size  of  the  beam  cross 
section  at  a  position  where  the  dispersion  function 
is  large.  However,  precise  measurement  is  generally 
very  difficult  because  ambiguity  in  the  Twiss  para¬ 
meters  leads  to  large  errors.  One  of  the  most  effec¬ 
tive  methods  to  deduce  the  beam  energy  spread  is 
to  observe  spontaneous  radiation  from  an  optical 
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klystron.  Intensity  modulation  of  the  spectrum 
which  is  a  result  of  interference  of  radiation  from 
two  undulators  is  sensitive  to  the  energy  spread. 
However,  the  spectrum  might  be  also  affected  by 
the  transverse  characteristics  of  the  beam  such  as 
the  beam  size  or  the  angular  spread. 

In  this  article,  we  present  an  experimental  study 
on  the  influences  of  the  electron  beam  transverse 
property  on  the  spectrum  of  the  helical  optical 
klystron  and  discuss  the  so-called  modulation  fac¬ 
tor  by  comparison  with  calculations  based  on  an 
ideal  model. 


2.  Radiation  from  helical  optical  klystron 

Since  the  radiation  from  an  optical  klystron  can 
be  expressed  as  a  superposition  of  radiation  fields 
from  two  identical  undulators  [3],  the  radiation 
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power  from  an  electron,  per  unit  solid  angle  and  per 
frequency  is  written  as 


d2W  _„d 2W 

(1  +  cos  a) 

lundulator 

(1) 

dm  dQ  ^dm  dQ 

with 

a  =  au  +  ad 

(2) 

au  =  m(Tu  -  l/c) 

(3) 

ad  =  m(Td  -  d/c) 

(4) 

where  Tu  and  Td  are  time  durations  for  the  electron 
to  pass  through  the  undulator  section  with  a  total 
length  of  l  and  the  dispersive  section  with  a  total 
length  of  d,  respectively.  Phase  shifts  au,  ad  can  be 
approximately  calculated  as 


where  e  is  the  electron  charge,  m  the  mass,  y  the 
relativistic  factor  and  2(  =  2 n/co)  is  the  light 
wavelength,  and  Bx(z)  and  By(z)  are  magnetic  fields 
in  the  horizontal  and  the  vertical  direction  at  the 
longitudinal  coordinate  z,  respectively.  Integration 
in  Eqs.  (5)  and  (6)  are  along  the  undulator  and  the 
dispersive  section,  respectively.  In  the  case  of  a  heli¬ 
cal  (elliptical)  optical  klystron,  Bx(z)  and  By(z)  are 
given  as 

Bx(z)  =  Bu(d)x  sin(27c//lu(d)), 

By(z)  =  Bu(d)y  cos(27r/2u(d))  (7) 

where  Bu(d)x  and  Bu(d)y  are  the  peak  magnetic  field 
in  the  undulator  (dispersive)  section  for  the  hori¬ 
zontal  and  the  vertical  direction,  respectively  and 
2U(d)  is  the  period  of  the  undulator  (dispersive)  sec¬ 
tion.  Eq.  (5)  can  be  also  written  using  deflection 


parameters  Kx,  Ky  as 

au  =  /[I  +  (Kl  +  K))12  +  y202]  (8) 

Ay 

with 


Kx  =  eBuxXJ2nmc ,  Ky  =  eBuy2J2nmc.  (9) 


Supposing  the  electron  beam  has  distributions  in 
its  energy,  angle  and  horizontal  position  around 
central  values  ym  6m  and  xm,  respectively,  the  radi¬ 
ation  spectrum  may  be  given  by  integrating  Eq.  (1) 
incoherently  over  the  distributions  as 


d2W  „  d 2W 
=  2- 


lundulator, 


dy 


dm  dO  dm  d Q 

x  {1  +  cos  a(y,  6,  x,  '-)} 


d/. 


dOp(y,  9,  x) 

.  d 2W 


d co  dQ 


1  undulator 


X  {1  +  fmod  COS  (X.{ym ,  6m ,  Xm>  ^)}  (1^) 

where  p(y,  0,  x)  represents  the  normalized  density  of 
the  electrons  and /mod(  <  1)  is  the  so-called  modula¬ 
tion  factor.  We  neglect  the  contribution  of  the  verti¬ 
cal  beam  size  in  Eq.  (10),  because  it  is  much  smaller 
than  the  horizontal  one  in  an  ordinary  storage  ring 
with  a  small  transverse  coupling.  Assuming  these 
contributions  to  be  independent,  the  modulation 
factor  can  be  written  as 


/mod  =fyfefX  (11) 

where/,,  fe  and /  are  contributions  from  the  energy, 
the  angular  and  the  position  spreads,  respectively. 


3.  Experiment 

In  order  to  investigate  the  effects  of  the  trans¬ 
verse  beam  property  to  the  modulation  factor,  we 
changed  the  horizontal  beam  emittance  of  the  UV- 
SOR  storage  ring.  Because  of  restriction  of  an  injec¬ 
tion  scheme  of  the  electron  beam  from  the  booster 
synchrotron  to  the  storage  ring,  the  horizontal  be¬ 
tatron  tune  cannot  be  changed  much.  Therefore,  we 
maintained  the  horizontal  and  the  vertical  tune  at 
constant  values  ( vx  =  3.17,  vy  =  1.38)  and  varied  the 
beam  emittance  by  controlling  the  shape  of  the 
dispersion  function  in  the  bending  magnet.  In  Fig.  1, 
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Fig.  1.  Beam  size  and  angular  spread  at  the  center  of  the  helical 
optical  klystron  as  a  function  of  the  beam  emittance. 


Fig.  2.  Measured  modulation  factor  as  a  function  of  the  beam 
emittance.  Solid  and  broken  lines  are  the  contributions  of  the 
natural  energy  spread  and  angular  spread,  respectively. 


the  rms  beam  size  and  the  angular  spread  at  the 
center  of  the  helical  klystron  are  shown  as  a  func¬ 
tion  of  the  transverse  emittance  at  operation  points 
used  for  the  experiment. 

At  each  operating  point,  the  radiation  from  the 
helical  optical  klystron  (UNKO-3)  was  measured 
using  a  monochrometer,  and  the  resonant 
wavelength  of  350  nm  was  chosen.  The  storage  ring 
was  operated  at  an  energy  of  600  MeV  and 
a  single-bunch  mode  with  a  very  low  beam  current 
( ~  0.3  mA)  was  employed  in  order  to  minimize 
effects  of  potential-well  distortion  [4].  Basic  para¬ 
meters  of  the  experiment  are  shown  in  Table  1.  The 


modulation  factors  deduced  from  observed  spectra 
are  plotted  as  a  function  of  the  beam  emittance  in 
Fig.  2. 


4.  Effect  of  longitudinal  beam  property 

Our  concern  is  to  examine  the  influence  of  the 
transverse  beam  property  to  the  modulation  factor 
in  this  study,  therefore  we  have  carefully  eliminated 
contributions  of  the  longitudinal  effect  of  the  beam. 

As  mentioned  earlier,  the  experiment  was  per¬ 
formed  with  a  very  low  beam  current.  Nevertheless, 


Table  1 

Basic  parameters  of  the  helical  optical  klystron  (UNKO-3)  in  the  experiment 


Number  of  periods: 

Period  length: 

Undulator  section 

9 

11.0  cm 

Dispersive  section 

1 

33.0  cm 

Peak  magnetic  field 

Inhomogeneous  parameter 

(A  =  350  nm) 

(horizontal) 

Bux 

0.271  T 

aux 

-0.41 

Buy 

0.271  T 

bUx 

1.13 

Bdx 

0.291  T 

Gdx 

-3.77 

Bdy 

0.715  T 

bdx 

-0.72 
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a  weak  longitudinal  collective  synchrotron  oscilla¬ 
tion  was  observed  as  sidebands  of  the  beam  fre¬ 
quency  spectrum.  This  collective  oscillation  may  be 
explained  by  a  slight  instability  of  the  rf  cavity  of 
the  storage  ring.  At  a  beam  current  of  1.0  mA,  the 
energy  amplitude  of  the  collective  oscillation  esti¬ 
mated  from  the  intensity  of  the  frequency  spectrum 
is  around  4eV.  The  value  is  about  2  orders  of 
magnitude  smaller  than  the  natural  energy  spread 
of  the  electron  beam  and  the  contribution  to  the 
modulation  factor  can  be  neglected.  We  also  mea¬ 
sured  bunch  shape  of  the  electron  beam  using 
a  streak  camera,  because  the  bunch  length  and  the 
energy  spread  is  directly  connected  with  each  other 
at  the  very  low  beam  current.  Measured  bunch 
length  agreed  well  with  one  deduced  from  cal¬ 
culated  natural  energy  spread.  Accordingly,  we 
treat  the  energy  distribution  of  the  electrons  in  the 
bunch  as  the  Gaussian  with  a  width  of  the  natural 
energy  spread  ay/y,  then  the  contribution  to  the 
modulation  factor  can  be  calculated  using  Eq.  (10) 
as 

fy  =  exp|^  -  8t i2(N  +  J  (12) 

where  N  +  Nd  corresponds  to  (au  +  ad)/2 n  at  no 
energy  deviation.  The  values  of  the  natural  energy 
spread  slightly  depend  on  the  lattice  parameters 
and  the  modulation  factor  as  well.  In  Fig.  2 ,fy  is 
plotted  at  each  operating  point. 

5.  Effect  of  transverse  beam  property 

As  seen  in  Fig.  2,  it  is  clear  that  the  modulation 
factor  is  considerably  affected  by  the  transverse 
beam  emittance.  Effect  of  the  emittance  is  differenti¬ 
ated  into  the  angular  spread  and  the  beam  size. 

Because  no  collective  transverse  oscillation  was 
observed  in  the  frequency  spectrum  of  the  beam 
signal,  the  Gaussian  distribution  with  a  width  of 
<7#  calculated  from  the  natural  emittance  and  the 
lattice  function  was  used  as  the  angular  spread. 
Using  Eq.  (9),  the  contribution  to  the  modulation 
factor  is  given  as 


Fig.  3.  Contribution  of  the  beam  size  to  the  modulation  factor 
fx  as  a  function  of  the  beam  size.  The  lines  are  calculations  for 
x0  =  o.O,  -  0.5  (  -  1.5),  -  1.0  mm. 

The  calculated  values  are  plotted  in  Fig.  2  and  it 
is  clear  the  contribution  is  not  so  large. 

Since  no  other  significant  effects  to  the  modula¬ 
tion  factor  is  expected,  the  contribution  of  the  beam 
size  to  the  modulation  factor  fx  can  be  deduced  by 
dividing  the  experimental  values  by  the  calculated 
contribution  of  the  energy  and  the  angular  spread. 
The  deduced  fx  are  plotted  as  a  function  of  the  rms 
beam  size  in  Fig.  3.  As  seen  in  the  figure,  fx  rapidly 
decreases  with  the  beam  size,  and  it  is  apparent  that 
the  most  important  transverse  effect  is  the  horizon¬ 
tal  beam  size. 

In  order  to  evaluate  the  experimental  result,  we 
performed  a  model  calculation  based  on  a  consid¬ 
eration  that  the  decrease  of  the  modulation  factor 
due  to  the  beam  size  is  closely  related  to  the  uni¬ 
formity  of  the  magnetic  field.  In  a  conventional 
planar  optical  klystron  with  sufficiently  large  mag¬ 
nets,  the  magnetic  field  is  almost  uniform  in  the 
horizontal  direction,  so  that  the  effect  of  the  hori¬ 
zontal  beam  size  may  be  small.  On  the  other  hand, 
in  case  of  the  helical  optical  klystron,  the  magnetic 
field  is  not  uniform  in  both  the  horizontal  and  the 
vertical  directions.  The  transverse  distribution  of 
magnetic  field  is  approximately  given  by 

Bx(x,  y,  z)  =  (1  +  \axk2x2  +  %ayk2y2)Bx{ 0,  0,  z)  (14) 

By(x,  y,  z)  =  (1  +  \bxk2x2  +  ibyk2y2)By{ 0,  0,  z)  (15) 
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x  (mm)  y  (mm) 

Fig.  4.  Calculated  horizontal  and  vertical  distributions  of  the  horizontal  magnetic  field  in  the  dispersive  section  of  the  UNKO-3. 


where  k  =  2n/X0  and  A0  is  a  period  length  of  trigon¬ 
ometric  wiggler  field,  and  inhomogeneous  para¬ 
meters  ax ,  ay,  bx  and  by  should  satisfy  relations, 
ax  +  ay  =  1,  bx  +  by  =  1  from  Maxwell’s  equations. 
The  inhomogeneous  parameters  are  deduced  from 
a  numerical  calculation  for  the  magnetic  field  based 
on  the  equivalent  current  method  and  an  example 
is  shown  in  Fig.  4. 

When  the  electron  beam  is  transversely  distrib¬ 
uted  around  a  position  x0  from  the  center  of  the 
magnetic  field  with  a  width  of  erx,  one  can  calculate 
the  modulation  factor  using  Eqs.  (5),  (6),  (10),  (14) 
and  (15)  as 

/*  =  {!  +(s  o<Th2}-1/4exp(T^g^)  (16) 

with 


51  —  50Xo  +  Sd 


n( 


s0  —  T  - 

A  \mcy 


{{a  dx&dx  +  bdxBly)d 

+  (&uxBux  +  buxBly)l} 


Sd 


=  -(—) 
2\mcy  ) 


(adxBdx  +  2bdyBdy 


2  eBj  d 


mcy  V  2n 


(17) 


(18) 

(19) 


where  subscripts  d  and  u  represent  the  dispersive 
and  the  undulator  section,  respectively.  The  para¬ 
meter  sd  in  Eq.  (17)  describes  the  combined  effect  of 
the  inhomogeneous  magnetic  field  and  the  wiggled 
beam  trajectory  in  the  horizontal  direction  at  the 
dispersive  section.  We  neglect  the  vertical  beam  size 
because  the  trajectory  of  the  electron  beam  in 
the  dispersive  section  is  wiggled  largely  only  in  the 
horizontal  direction  [5].  One  can  notice  that 
the  beam  size  effect  depend  on  the  horizontal  tra¬ 
jectory  of  the  beam  from  Eq.  (16).  When  ax  is  small, 
Eq.  (16)  can  be  approximately  rewritten  as 

fx  °C  expj  -  kj2xsl(x0  +  ^  j.  (20) 

It  should  be  noted  that  the  horizontal  beam  posi¬ 
tion  that  compensates  the  beam-size  effect  is 
not  on  the  center  of  the  magnetic  field  and  a  cal¬ 
culated  value  of  x0  to  minimize  fx  is  —  1.0  mm. 

Because  it  is  very  difficult  to  know  the  exact 
beam  position  relative  to  the  magnetic  center  of  the 
UNKO-3,  the  experimental  data  are  fitted  with  the 
function  given  in  Eq.  (16)  with  x0  as  a  fitting  para¬ 
meter.  As  seen  in  Fig.  3,  the  fitting  quality  is  not  so 
bad  and  the  obtained  value  of  x0  is  —  0.5  mm 
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( —  1.5  mm  is  another  possibility).  It  can  be  con¬ 
cluded  that  the  default  orbit  used  in  the  experiment 
so  far  has  been  not  well  optimized  for  the  modula¬ 
tion  factor. 

6.  Summary 

We  have  studied  the  effect  of  the  beam  transverse 
property  on  the  modulation  factor  of  the  radiation 
spectrum  from  the  helical  optical  klystron.  The 
agreement  between  the  experimental  results  and 
the  model  calculation  shows  that  the  horizontal 
beam  size  and  position  are  the  main  contribution 
to  decrease  the  modulation  factor. 

Although  the  optical  klystron  seems  to  be  a  suit¬ 
able  diagnostic  tool  to  observe  the  longitudinal 
beam  property,  one  should  carefully  take  account 


of  these  effects  especially  when  the  beam  dimension 
is  large.  Even  in  a  planar  optical  klystron,  the 
magnetic  field  is  not  completely  uniform  and  the 
inhomogeneous  parameters  have  finite  values  (at 
the  planar  mode  of  UNKO-3,  bdx  is  ~  %  relative  to 
that  at  the  helical  mode). 
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Abstract 

In  this  paper  we  present  a  theoretical  analysis  of  a  recent  SASE  FEL  experiment  performed  by 
a  UCLA/LANL/RRCKI/SLAC  team  reporting  on  a  high  power  gain  of  about  105  at  the  wavelength  of  12  pm.  The 
region  of  physical  parameters  of  this  experiment  (as  well  as  of  future  X-ray  FELs)  does  not  allow  one  to  apply  available 
analytical  techniques  for  a  quantitative  description  of  the  results  obtained.  The  analysis  presented  in  this  paper  is  based 
on  the  results  produced  by  the  three-dimensional,  time-dependent  FEL  simulation  code  FAST.  It  is  shown  that,  within 
the  limit  of  accuracy  of  the  experiment,  the  data  obtained  agree  fully  with  the  results  of  numerical  simulations.  ©  1999 
Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  41.60.  Cr;  52.75.  Ms 

Keywords:  High-gain  SASE  FEL;  Numerical  simulations 


1.  Introduction 

Recently,  the  operation  of  a  high-gain  FEL  am¬ 
plifier  starting  from  noise  has  been  reported  [1]  (see 
Table  1).  A  power  gain  of  more  than  105  has  been 
obtained.  Parameters  of  the  output  radiation  have 
been  measured  with  high  accuracy.  In  particular,  it 
has  been  demonstrated  that  the  fluctuations  of  the 
energy  in  the  radiation  pulse  follow  the  gamma 
distribution  predicted  in  Refs.  [2,3].  A  thorough 
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analysis  shows  that  even  though  this  experiment 
was  performed  at  a  relatively  long  wavelength,  the 
physical  processes  in  this  SASE  FEL  are  similar  to 
those  expected  to  occur  in  a  short-wavelength 
SASE  FEL.  This  is  connected  with  the  fact  that  the 
aperture  of  the  vacuum  chamber  is  significantly 
larger  than  the  transverse  size  of  the  beam  radi¬ 
ation  mode.  As  a  result,  waveguide  effects  do  not 
influence  the  amplification  process.  Also,  the  effects 
of  coherent  synchrotron  radiation  are  not  impor¬ 
tant  with  the  experimental  parameters.  A  helpful 
factor  simplifying  analysis  of  this  experiment  is 
the  careful  choice  of  experimental  conditions.  That 
is,  the  undulator  field  has  been  tuned  precisely 
and  distortions  of  the  electron  beam  trajectory  are 
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Table  1 

Parameters  of  the  UCLA/LANL  SASE  FEL  [1] 


Electron  beam 

Energy  (MeV) 

18 

Charge  per  micropulse  (nC) 

0.3-2.2 

Transverse  spot  size  (<r)  (pm) 

115-145 

Energy  spread  (rms)  (%) 

~0.3 

Pulse  length  (FWHM)  (ps) 

7-13 

Peak  current  (A) 

40-170 

Undulator 

Period  (cm) 

2.05 

Number  of  periods 

98 

Undulator  parameter  K 

1 

Betatron  wavelength  (m) 

1.2 

FEL 

Radiation  wavelength  (pm) 

12 

Power  gain  length  (at  2.2  nC)  (cm) 

—  14 

significantly  less  than  the  typical  transverse  size  of 
the  beam  radiation  mode.  There  is  also  a  significant 
safety  margin  with  respect  to  the  energy  spread  and 
the  emittance  of  the  electron  beam. 

In  this  paper  we  perform  a  theoretical  analysis  of 
the  high-gain  SASE  FEL  experiment  [1].  The  anal¬ 
ysis  is  based  on  the  results  produced  by  the  three- 
dimensional,  time-dependent  FEL  simulation  code 
FAST  [4].  Parameters  of  the  electron  beam  and  of 
the  undulator  [1]  have  been  used  as  the  input 
parameters  for  the  numerical  simulation  code  with¬ 
out  making  any  corrections,  as  is  described  in  Sec¬ 
tion  3.  It  is  shown  that  the  experimental  results  are 
in  good  agreement  with  the  results  of  numerical 
calculations.  Statistical  simulations  of  the  energy 
fluctuations  in  the  radiation  pulse  performed  over 
several  thousand  shots  give  a  result  identical  to  the 
experimental  one.  That  is,  fluctuations  of  the  en¬ 
ergy  in  the  radiation  pulse  follow  a  gamma  distri¬ 
bution  with  the  value  of  the  parameter  M  ^  8. 


2.  Region  of  physical  parameters 

We  begin  our  analysis  within  the  framework  of 
the  steady-state  approximation  in  order  to  estimate 
the  power  of  different  physical  effects  influencing 
the  operation  of  the  FEL  amplifier.  A  numerical 
solution  of  the  corresponding  eigenvalue  equation 
[5-7]  shows  that  the  main  physical  effects  defining 
the  operation  of  the  UCLA/LANL  SASE  FEL  are 


o 

-12  -9  -6  -3  0  3 

Aco/co  (%) 

Fig.  1.  The  field  gain  length  versus  the  frequency  deviation  from 
the  resonance  value.  Calculations  have  been  performed  in  the 
steady-state  approximation.  Curve  1  is  calculated  with  only 
the  diffraction  effects  taken  into  account,  curve  2  includes  also 
the  space  charge  effects,  and  curve  3  is  calculated  taking  into 
account  all  the  effects  (diffraction,  space  charge  and  energy 
spread). 

diffraction  effects  and  space  charge  effects.  It  is  seen 
in  Fig.  1  that  the  field  gain  length  should  be  about 
30  cm.  Also,  an  analysis  of  the  imaginary  part  of  the 
eigenvalue  shows  that  the  slippage  effect  will  be 
suppressed  by  a  factor  of  four  with  respect  to  kin¬ 
ematic  slippage  due  to  the  fact  that  the  group 
velocity  of  the  amplified  wave,  da>/dk ,  is  less  than 
the  velocity  of  light  c. 


3.  Numerical  analysis  of  the  experiment 

Numerical  simulations  have  been  performed 
with  the  three-dimensional,  time-dependent  FEL 
simulation  code  FAST  [4].  The  equations  of 
motion  (kinetic  equation  or  equations  for  macro¬ 
particle  motion)  and  Maxwell’s  equations  are 
solved  simultaneously  taking  into  account  the 
slippage  effect.  Radiation  fields  are  calculated  using 
an  integral  solution  of  Maxwell’s  equations.  The 
code  allows  one  to  simulate  the  radiation  from  the 
electron  bunch  of  any  transverse  and  longitudinal 
bunch  shape;  to  simulate  simultaneously  an  ex¬ 
ternal  seed  with  superimposed  shot  noise  in  the 
electron  beam;  to  take  into  account  energy  spread 
in  the  electron  beam  and  the  space  charge  fields; 
and  to  simulate  a  high-gain,  high-efficiency  FEL 
amplifier  with  a  tapered  undulator.  The  code  is 
extremely  fast  thus  allowing  precise  statistical  cal¬ 
culations  to  be  performed. 
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To  calculate  averaged  characteristics  of  the 
FEL  amplifier  we  performed  several  thousand 
statistically  independent  runs.  Input  data  for  the 
numerical  simulation  code  are  the  value  of  the 
undulator  period  and  the  peak  field,  and  the  bunch 
charge,  length  and  radius.  When  performing  simu¬ 
lations  we  used  two  models  of  the  axial  profile  of 
the  bunch  current,  a  Gaussian  one 
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of  the  beam  current  density  was  assumed  to  be 
Gaussian: 
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with  ar  =  ffwwHM^2  In  2.  HWHM  values  are  de¬ 
fined  by  fitting  formulae  presented  in  Ref.  [1]: 
^hwhm  _  jai  _j_  (bQ)2.  Parameters  for  the  spot  size 
are  a  =  120  pm,  b  =  38  pm/nC,  and  for  the  pulse 
length  a  =  3ps,  b  =  2.2ps/nC. 

In  Fig.  2  we  present  the  typical  time  structure  of 
the  radiation  pulse  at  the  undulator  exit  with 
a  bunch  charge  of  2.2  nC.  Averaging  over  1000 
independent  shots  gives  the  value  of  the  averaged 
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Fig.  2.  Typical  time  structure  of  the  radiation  pulse  at  the 
undulator  exit  (curve  1)  and  time  structure  of  the  radiation  pulse 
averaged  over  1000  statistically  independent  runs  (curve  2). 
The  dashed  line  presents  an  axial  profile  of  the  beam  current. 
Charge  in  the  electron  bunch  is  2.2  nC. 


radiation  pulse  shape  (curve  2  in  Fig.  2).  Analysis  of 
the  latter  plot  allows  one  to  obtain  the  value  of  the 
“effective”  shot  noise  power  at  the  undulator  en¬ 
trance  to  be  used  in  the  steady-state  codes  for 
obtaining  the  approximate  value  of  the  average 
output  power  [8,9].  The  value  of  the  “effective” 
power  of  shot  noise  is  about  20  mW  in  the  case 
under  study.  It  is  seen  also  from  Fig.  2  that  the 
slippage  of  the  radiation  with  respect  to  the  elec¬ 
tron  bunch  is  significantly  smaller  than  the  kin¬ 
ematic  one.  This  is  connected  with  the  fact  that  the 
group  velocity  of  the  spikes,  dco/dk,  is  less  than  the 
velocity  of  light  c  as  mentioned  in  Section  2. 

In  Fig.  3  we  present  a  comparison  of  experi¬ 
mental  and  simulation  results  for  different  values  of 
the  charge.  Fig.  4  presents  the  dependence  of  the 
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Fig.  3.  Dependence  of  the  averaged  energy  in  the  radiation  pulse 
versus  the  bunch  charge.  Curves  1  and  2  correspond  to  the 
Gaussian  and  the  parabolic  axial  beam  profiles.  The  circles  are 
experimental  results  [1]. 
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Fig.  4.  Dependence  of  the  averaged  energy  in  the  radiation  pulse 
on  the  transverse  bunch  size.  Curves  1,  2  and  3  correspond  to 
values  of  the  longitudinal  HWHM  bunch  size  ofWHM  of  3.9,  3.7 
and  3.5  ps,  respectively.  The  bunch  charge  is  1  nC. 
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energy  in  the  radiation  pulse  on  the  transverse  and 
longitudinal  beam  sizes  at  a  fixed  value  of  the 
bunch  charge  of  InC.  It  is  seen  that  within  the 
uncertainties  in  measuring  these  values  [1,10,11], 
the  numerical  and  experimental  results  agree  rather 
well.  One  can  also  obtain  an  unusual  behaviour  of 
the  energy  in  the  radiation  pulse  versus  the  trans¬ 
verse  beam  size.  That  is,  the  radiation  energy  in¬ 
creases  as  the  transverse  beam  size  increases.  This 
effect  is  connected  with  the  fact  mentioned  in  Sec¬ 
tion  2  that  the  UCLA/LANL  FEL  amplifier  oper¬ 
ates  in  a  regime  of  strong  space  charge  effects.  In 
the  case  under  study  the  diffraction  parameter  B  is 
much  less  than  unity,  and  increasing  the  beam  size 
results  only  in  logarithmic  decrease  of  the  field  gain 
due  to  diffractive  effects  [5,6].  On  the  other  hand, 
there  is  strong  influence  of  the  space  charge  fields. 
Increasing  the  transverse  beam  size  leads  to  a  quad¬ 
ratic  decrease  of  the  space  charge  parameter  which 
results  in  the  increase  of  the  field  gain.  In  the  region 
of  parameters  traced  in  Fig.  4  this  effect  dominates 
above  the  diffraction  effects.  As  a  result,  the  field 
gain  and  the  energy  in  the  radiation  pulse  grow 
with  the  increase  of  the  transverse  size  of  the  elec¬ 
tron  beam.  Calculations  show  that  such  a  tendency 
will  take  place  up  to  the  value  of  diffraction  para¬ 
meter  B  ~  0.3.  Above  this  point  the  space  charge 
effect  becomes  a  small  perturbation  to  the  FEL 
process  and  increase  of  the  transverse  beam  size 
will  lead  to  the  decrease  of  the  field  gain  (see,  e.g. 
Ref.  [12]). 

So,  we  see  that  there  is  good  agreement  between 
measurements  of  the  energy  in  the  radiation  pulse 
and  the  simulation  results.  Indeed,  over  the  entire 
range  of  electron  beam  charge  (see  Fig.  3),  the 
relative  difference  expressed  in  the  units  of  the  gain 
length  is  less  than  one  power  gain  length.  Taking 
into  account  good  agreement  of  the  energy  in  the 
radiation  pulse,  we  can  expect  much  better  agree¬ 
ment  with  the  probability  distribution  of  the  energy 
in  the  radiation  pulse.  We  performed  the  corre¬ 
sponding  simulations  at  the  value  of  the  bunch 
charge  of  2.2  nC.  Simulations  show  that  the  prob¬ 
ability  distribution  of  the  energy  in  the  radiation 
pulse  is  quite  close  to  the  gamma  distribution: 
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Fig.  5.  Probability  distribution  of  the  energy  in  the  radiation 
pulse  at  a  bunch  charge  of  2.2  nC  calculated  over  2400  statist¬ 
ically  independent  runs.  The  solid  curve  represents  a  gamma 
distribution  with  M  =  8.06. 


where  F(M)  is  the  gamma  function  of  argument  M. 
The  parameter  of  the  distribution  is  equal  to 
M  =  l/o-2,  where  <r2  =  <£2  -  <£>2>/<£>2  is  the 
normalized  dispersion  of  the  energy  distribution. 
The  first  set  of  runs  has  been  performed  at  fixed 
values  of  the  bunch  charge,  transverse  beam  size, 
and  longitudinal  beam  size.  Simulations  with  the 
Gaussian  and  the  parabolic  bunch  profiles  give 
very  close  results,  namely  that  M  —  11.5  and 
a  ~  30%.  On  the  other  hand,  the  experiment  yields 
fluctuations  of  about  a  ~  37%.  Such  a  visible  dif¬ 
ference  indicates  that  shot-to-shot  fluctuations  of 
the  beam  parameters  contribute  to  the  fluctuations 
of  the  radiation  energy.  To  take  these  fluctuations 
into  account  we  performed  2400  statistically  inde¬ 
pendent  runs.  During  each  run  the  fluctuations 
have  been  introduced  in  the  following  limits: 

+  0.75%  for  the  bunch  charge,  ±  5.5%  for  the 
transverse  beam  size  and  +  6%  for  the  bunch 
length  [1].  The  results  of  the  simulations  are  shown 
in  Fig.  5.  The  probability  distribution  of  the  radi¬ 
ation  energy  follows  a  gamma  distribution  with 
a  ~  35%  and  M  ^  8.  This  result  is  in  good  agree¬ 
ment  with  the  experiment. 


4.  Conclusion 

In  conclusion,  we  should  like  to  point  out  that 
there  is  no  doubt  that  the  UCLA/LANL  experi¬ 
ment  [1]  is  a  proof-of-principle  of  a  high-gain 
SASE  FEL.  Even  though  it  was  performed  at 
a  relatively  long  wavelength,  the  physics  of  its 
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operation  is  described  with  the  same  equations  as 
future  VUV  and  X-ray  SASE  FELs.  All  the  simula¬ 
tions  presented  in  this  paper  have  been  performed 
with  the  simulation  code  developed  for  simulation 
of  short-wavelength  SASE  FELs.  It  is  seen  that 
there  is  good  agreement  between  theoretical  predic¬ 
tions  and  experimental  results,  which  forms  a  re¬ 
liable  base  for  the  future  design  of  short-wavelength 
SASE  FELs. 
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Abstract 

In  previous  studies  of  bunching  we  operated  our  2.2  MeV,  800  A  single  shot  FEL  in  the  amplifier  mode,  and  observed 
output  power  and  bunching  not  only  at  the  injected  frequency  of  35  GHz  but  also  at  the  second-FEL  resonant  frequency 
near  3  GHz.  In  order  to  study  the  mechanism  of  the  low-frequency  bunching  we  have  performed  a  series  of  measurements 
in  SASE  mode.  Here  we  compare  and  contrast  results  obtained  in  these  two  modes.  For  both  modes  a  detailed  study  of 
the  formation  of  the  low-frequency  bunches  during  the  pulse  has  been  performed  using  a  streak  camera,  as  a  function 
of  both  position  in  the  wiggler  and  time  in  the  pulse.  Analysis  of  the  images  shows  that  despite  the  great  difference  in 
output  power,  the  strong  bunching  we  see  is  quite  similar.  In  the  amplifier  mode  the  coexistence  of  the  bunching  at  high 
frequency  masks  some  of  the  details  of  the  low-frequency  bunch  formation,  whereas  in  the  SASE  mode  the  temporal  and 
spatial  behavior  of  bunching  at  3  GHz  is  clearly  seen.  ©  1999  Elsevier  Science  B.Y.  All  rights  reserved. 

PACS:  41.60.Cr;  41.75.Ht;  41.75.Lx 

Keywords:  Low-frequency  bunching;  SASE  measurements;  Free-electron  laser 


1.  Introduction 

The  free  electron  laser  (FEL)  community  has 
recently  become  interested  in  the  phenomenon 
called  self-amplified  spontaneous  emission  (SASE) 
[1],  and  several  groups  have  reported  new  experi¬ 
mental  results  [2-4].  One  reason  for  this  interest  is 
the  possibility  of  obtaining  intense  sources  of  far 
ultraviolet  or  X-rays  by  using  GeV  energy  electron 
beams  in  a  SASE  FEL  [5,6].  Theoretical  work  on 
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SASE  may  be  traced  back  to  the  early  days  of  FEL 
[7-10],  and  a  thorough  discussion  of  superradiance 
in  high-gain  FELs  is  given  in  the  review  article 
of  Bonifacio  and  co-workers  [11].  These  authors 
point  out  that  a  key  parameter  in  superradiance  is 
slippage,  which  may  be  defined  as  vjvz  —  1,  where 
vg  and  vz  denote  the  group  velocity  of  the  radiation 
and  the  mean  axial  velocity  of  the  electrons,  respec¬ 
tively.  Our  results  were  obtained  in  a  waveguide 
which  has  two  FEL  resonant  frequencies  and  they 
concern  mainly  the  lower  frequency  for  which  the 
group  velocity  is  much  less  than  the  electron  axial 
speed.  The  corresponding  slippage  parameter  is 
approximately  —  0.7,  and  previous  experiments 
have  not  operated  in  such  a  regime. 


01 68-9002/99/$ -see  front  matter  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 
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Fig.  1.  Streak  camera  pictures  and  their  digitized  representations,  obtained  when  running  in  the  amplifier  mode  at  35  GHz.  Strong 
electron  bunching  at  the  lower  resonant  frequency  is  apparent  at  the  end  of  the  pulse. 


2.  Bunching  in  amplifier  mode 

Although  the  observation  of  high-power  output 
from  a  FEL  is  convincing  evidence  that  bunching 
has  occurred,  optical  measurement  of  the  bunching 
itself  has  been  performed  only  recently.  With  the 
CEA-CESTA  FEL  operating  in  the  amplifier 
mode,  a  direct  optical  observation  of  electron 
bunching  at  35  GHz  was  carried  out  [12,13].  After 


improving  the  experiment,  we  obtained  the  streak 
camera  pictures  and  their  digitised  representations 
that  are  shown  in  Fig.  1  [14].  Early  in  the  beam 
pulse  the  electrons  were  bunched  at  the  injection 
frequency,  but  as  the  pulse  continued,  very  strong 
bunching  at  a  frequency  near  3  GHz  emerged  and 
finally  dominated  the  high-frequency  bunching. 
Since  the  strong  signal  at  3  GHz,  which  corres¬ 
ponds  to  the  second-FEL  resonance  in  our  61  mm 
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Fig.  2.  The  SASE  experimental  lay-out,  with  at  right,  two  distinct  detector  configurations.  At  the  top  are  shown  the  horns  and  lines  for 
measuring  output  power  and  frequency,  while  below  are  shown  the  beam  position  camera  and  the  streak  camera  for  observing 
bunching. 


diameter  waveguide,  was  not  injected,  it  may  be  con¬ 
sidered  as  evidence  for  SASE.  However,  the  presence 
of  the  strongly  amplified  35  GHz  signal  makes  such 
a  straightforward  interpretation  risky,  and  it  was 
decided  to  repeat  the  experiment  in  the  SASE  mode, 
with  no  input  signal  at  either  resonant  frequency. 


3.  SASE  experiment 

A  schematic  of  our  experiment  is  shown  in  Fig.  2. 
The  induction  linac  LELIA  [15]  delivers  a  800  A 
electron  beam  of  energy  2.2  MeV.  This  beam  is 
transported  by  three  solenoidal  magnets  and  then 
injected  into  a  helical  wiggler  consisting  of  26  peri¬ 
ods  of  12  cm.  No  axial  guide  field  is  employed  in  the 
wiggler  itself,  and  a  six  period  adiabatic  entrance 
gradually  increases  the  wiggler  field  from  zero  to  its 
desired  value. 

In  the  right-hand  side  of  the  figure  we  show  two 
distinct  set-ups,  the  upper  for  observing  RF  power 


at  both  frequencies,  the  lower  for  performing  optical 
measurements  of  beam  position  (with  the  gated  cam¬ 
era)  and  bunching  (with  the  streak  camera).  Fre¬ 
quency  measurements  were  made  using  heterodyne 
methods  for  the  upper  frequency  and  direct  signal 
analysis  with  a  fast  oscilloscope  for  the  lower.  In 
order  to  study  output  power  as  a  function  of  axial 
distance,  a  movable  permanent  magnet  was  used  to 
deflect  the  electron  beam  into  the  beam-pipe  at  any 
desired  position.  The  bunching  of  the  electrons  was 
observed  by  causing  the  beam  to  strike  a  2  mm-thick 
fused  silica  target,  producing  thereby  Cerenkov  radi¬ 
ation  at  visible  wavelengths.  The  target  could  be 
moved  under  vacuum,  allowing  us  to  observe  the 
bunching  anywhere  along  the  axis.  By  varying 
the  trigger  delays  of  the  cameras  we  could  study  the 
bunching  as  a  function  of  time  in  the  beam  pulse. 

In  Fig.  3a  we  show  the  beam  current,  as  mea¬ 
sured  at  the  wiggler  entry  (solid  curve),  and  the  light 
intensities  (circles)  as  observed  with  the  gated  cam¬ 
era  when  the  target  is  placed  at  period  15  of  the 
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Fig.  3.  (a)  The  beam  current  at  the  wiggler  entrance  (solid 
curve)  vs.  time  together  with  integrated  beam  intensities  seen  by 
the  camera  at  period  15  using  a  5  ns  exposure  time  (squares), 
(b)  Reproducibility  of  the  output  power  in  the  3  GHz  horn  as 
a  function  of  time  in  the  pulse,  (c)  Fourier  analysis  of  the  3  GHz 
horn  signal  for  three  different  shots. 


wiggler,  both  as  a  function  of  time.  We  have  arbit¬ 
rarily  normalized  the  latter  to  agree  with  the 
maximum  of  the  former,  and  we  observe  fair  agree¬ 
ment  between  these  two  measurements,  both  of 
which  indicate  that  the  bulk  of  the  current  pulse 
lasts  60  ns.  Fig.  3b  shows  output  power  as  a  func¬ 
tion  of  time  as  detected  with  the  low-frequency 
horn,  and  using  the  full  length  of  the  wiggler.  The 
maximum  RF  power  at  3  GHz  was  40  +  10  MW, 
which  is  somewhat  less  than  what  we  observed  in 
the  amplifier  mode  in  previous  operation.  The  sig¬ 
nal  always  had  a  two-peaked  structure  as  shown. 


Fig.  4.  Output  power  at  3  GHz  as  a  function  of  the  interaction 
length,  for  the  first  and  second  peaks. 


At  the  upper  frequency,  the  output  power  was  lim¬ 
ited  to  a  few  MW.  Finally  in  Fig.  3c  we  show  the 
Fourier  analysis  of  the  low-frequency  horn  signal 
for  three  shots,  in  the  region  near  3  GHz.  Again 
a  high  degree  of  reproducibility  is  seen.  On  the 
basis  of  this  stability,  we  feel  justified  in  treating  on 
the  same  footing  data  from  different  shots. 

The  output  power  at  3  GHz  as  a  function  of  the 
interaction  length  is  shown  in  Fig.  4,  treating 
the  early  and  later  peak  powers  separately.  For  the 
former,  the  signal  displays  slow  exponential  growth 
throughout  the  wiggler,  while  the  latter,  after  show¬ 
ing  rapid  growth  early  in  the  wiggler,  displays 
a  slower  growth  rate  near  the  end  of  the  wiggler, 
although  saturation  has  not  yet  been  reached.  Since 
the  time  and  space  dependence  of  the  SASE  mecha¬ 
nism  appears  to  play  a  major  role  in  our  experi¬ 
ment,  we  have  mapped  out  the  two-dimensional 
region  spanned  by  axial  distance  and  time  in  the 
pulse  for  which  the  output  power  and  the  bunching 
at  3  GHz  are  important.  The  output  power  map  is 
shown  in  Fig.  5a,  while  the  map  showing  the  charge 
per  bunch  above  a  smooth  background  is  displayed 
in  Fig.  5b.  In  the  latter,  the  region  above  the  dashed 
line  is  characterized  by  increasingly  sharp  bunch¬ 
ing,  accompanied  by  substantial  loss  of  beam,  until 
in  the  upper  right-hand  corner  there  are  no  elec¬ 
trons.  The  maps  are  mutually  consistent,  and  show 
that  the  strongest  bunching  and  highest  power 
occur  near  the  end  of  the  wiggler.  However,  the 
output  power  appears  to  last  somewhat  longer 
than  the  beam  pulse,  which  is  consistent  with 
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Fig.  5.  Output  power  at  3  GHz  (a)  and  charge  per  bunch  above 
background  (b)  as  a  function  of  interaction  length  and  time  in 
pulse. 


our  situation  of  a  slow  wave  and  strong  negative 
slippage. 


4.  Details  of  bunching 

In  Fig.  6  we  show  a  comparison  between  our 
previous  measurements  of  bunching  in  the  ampli¬ 
fier  mode  (at  35  GHz,  top)  and  the  SASE  measure¬ 
ments  (bottom).  The  time  interval  between  two 
adjacent  photographs  is  6  ns.  In  the  amplifier 
mode,  and  for  early  times,  the  bunching  at  35  GHz 
is  clear,  and  the  bunching  at  3  GHz  is  barely  visible 
under  the  high-frequency  bunching.  Towards  the 
end  of  the  amplifier  mode  pulse,  the  bunching  at 
35  GHz  disappears,  and  the  signal  strongly  re¬ 
sembles  the  corresponding  SASE  signal  seen  below 
it.  In  fact,  if  one  ignores  the  presence  of  the  35  GHz 
bunching  in  the  upper  photographs,  the  3  GHz 
bunching  is  quite  similar  in  both  cases.  On  the  basis 
of  these  images,  we  suggest  that  the  mechanism  of 
generation  of  the  3  GHz  bunching  is  independent 


of  the  presence  of  an  appreciable  signal  at  35  GHz. 
However,  the  difference  in  output  powers  suggests 
that  there  may  still  be  some  cooperative  effects 
between  the  two  frequencies. 

A  sequence  of  streak  camera  images,  taken  at 
period  23  in  the  wiggler,  and  for  various  time  slices 
in  the  beam  pulse  is  displayed  in  Fig.  7.  Below  each 
photograph  appears  the  corresponding  beam  cur¬ 
rent  profile  as  a  function  of  time.  These  pictures 
were  taken  using  the  nominal  100  ps/mm  sweep 
speed  of  the  streak  camera,  and  each  exposure  lasts 
1.66  ns.  As  can  be  seen  by  following  the  frames,  the 
low-frequency  bunching,  weak  in  the  first  frame, 
grows  with  time  until  a  large  fraction  of  the  current 
is  confined  to  a  short  time  interval.  An  important 
aspect  of  these  images  is  the  substantial  transverse 
widening  of  the  beam  from  early  to  late  times,  easily 
seen  by  comparing  the  first  and  last  frames.  We  also 
see  a  significant  decrease  in  the  total  current  with 
time,  which  implies  that  electrons  are  being  lost  as 
the  bunching  sharpens.  We  have  performed  similar 
but  less  thorough  analyses  at  several  different  tar¬ 
get  positions,  and  the  time  dependence  of  bunching 
we  observe  is  similar  to  that  shown  here,  even  for 
such  early  periods  as  17,  where  the  output  power  is 
only  of  order  10  kW.  However,  the  bunching  occurs 
at  increasingly  later  times  as  one  moves  upstream. 
From  these  observations  we  conclude  that  at  fixed 
position,  the  transition  from  a  uniform  to  a  bunched 
beam  takes  place  in  a  short  time,  2-3  ns,  and  is  then 
followed  by  a  slow  but  steady  loss  of  current. 

In  these  photographs  and  the  current  profiles 
one  begins  with  a  relatively  unbunched  beam  in 
frame  1,  next  one  observes  bunching  at  the  funda¬ 
mental  frequency  (i.e.,  3  GHz)  in  frame  2,  then  one 
sees  second  and  higher  harmonics  as  the  frame 
numbers  increase.  In  the  final  frames,  where  the 
current  has  decreased  substantially,  the  bunches  ap¬ 
pear  almost  as  a  sequence  of  Dirac  Delta  functions. 
However,  these  sharp  peaks  are  caused  by  the  loss 
from  the  beam  of  electrons  situated  between  adjac¬ 
ent  peaks.  In  our  experiment,  the  slippage  is  both 
large  and  negative,  and  the  frequency  is  very  close  to 
cutoff.  Some  combination  of  these  effects  might  be 
the  cause  of  this  loss,  and  more  experiments  are 
necessary  to  understand  the  phenomena.  It  is  inter¬ 
esting  to  note  that  Barletta  and  collaborators  [16] 
have  generated  current  distributions  resembling 
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Fig.  6.  Streak  camera  photographs  of  bunching  when  the  FEL  is  running  in  the  amplifier  mode  (top)  and  SASE  mode  (bottom),  for  three 
different  values  of  time  in  the  beam  pulse. 


ours,  although  the  beam  energy  and  output  power 
level  are  quite  different. 

5.  Conclusions 

In  conclusion,  we  have  observed  a  highly  repro¬ 
ducible  SASE  mechanism,  responsible  for  high 
microwave  power  output  (  «  40  MW)  and  sharp 
electron  bunching  at  the  lower  resonant  frequency 


of  our  pulsed  FEL.  In  comparison  with  our  pre¬ 
vious  observation  of  bunching  at  3  GHz  when  run¬ 
ning  in  the  amplifier  mode  at  35  GHz,  the  bunching 
we  observe  here  is  uncontaminated  by  appreciable 
interference  from  the  upper  frequency,  and  a  very 
detailed  study  of  its  time  dependence  has  been 
presented.  We  observed  that  significant  bunching 
can  occur  without  high  output  power,  and  that 
extremely  sharp  bunching  is  accompanied  by  an 
important  loss  of  electrons. 
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Fig.  7.  Streak  camera  photographs  and  their  digitized  representations,  as  observed  at  wiggler  period  23,  for  ten  different  times  in  the 
beam  pulse  and  a  1.66  ns  time  interval. 
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Abstract 

The  microbunch  distribution  of  an  electron  beam  exiting  a  SASE  free-electron  laser  has  been  measured  using  the 
emitted  coherent  transition  radiation  (CTR)  produced  from  a  thin  aluminum  foil  placed  at  the  end  of  the  undulator.  The 
wavelength  of  the  coherent  transition  radiation  is  shown  to  be  the  same  as  the  FEL  wavelength,  and  thus  a  measure  of  the 
beam  microbunch  spacing.  Also,  the  study  of  the  CTR  linewidth  and  angular  acceptance  of  the  radiation  captured  are 
shown  to  be  derived  from  this  coherent  radiative  process.  Scattering  effects  on  the  forward  emitted  transition  radiation 
from  the  electron  beam  traversing  an  aluminum  foil  are  also  considered.  ©  1999  Elsevier  Science  B.V.  All  rights 
reserved. 

Keywords:  CTR;  FEL  wavelength;  Microbunching;  Scattering  effects 


1.  Introduction 

Longitudinal  modulation  of  electron  beams  is 
now  generated  with  many  types  of  devices  such  as 
the  free-electron  laser  (FEL)  [1],  inverse  FELs  [2], 
and  plasma  and  structure  acceleration  [3].  The 
periodic  beam  modulation  formed  from  these  devi¬ 
ces  is  at  time  scales  where  usual  diagnostic  methods 
like  streak  cameras  [4]  and  RF  sweeping  [5]  can¬ 
not  be  used.  Instead  of  these  time-domain  methods, 
frequency-domain  measurements  using  coherent 
transition  radiation  (CTR)  from  metallic  foils  have 
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shown  promise  in  the  measurement  of  very 
short  electron  pulses  [6-8].  The  high-gain  pro¬ 
cess  of  FELs  is  directly  related  to  beam  mico- 
bunching  and  gives  an  opportunity  to  use  CTR 
to  measure  microbunch  spacing  down  to  several 
femtoseconds. 


2.  Theoretical  background 

Describing  the  beam  distribution  exiting  an  FEL 
has  been  done  in  Ref.  [9],  but  in  the  present  experi¬ 
ment,  asymmetries  in  transverse  beam  dimensions 
were  present  at  the  exit  of  the  wiggler  and  at  the 
CTR  foil  and  must  be  included.  Thus,  the  electron 
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beam  distribution  now  looks  like 


3.  Experimental  setup 


f(r,  z)  = 


(2n)il2axai,<Tz 
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b}1  sin (nkn  z) 


(1) 


where  Nb  is  the  number  of  electrons,  kr  is  the  FEL 
radiation  wavenumber  and  thus  the  modulated 
micro-bunch  beam  wavenumber,  and  bn  is  the 
bunching  factor.  Analysis  of  the  CTR  follows 
Ref.  [8]  where  the  energy  spectrum  is  given  by 
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Here  FL{co)  and  FT(m,  6)  are  the  square  of  the  longi¬ 
tudinal  and  transverse  beam  profile  Fourier  trans¬ 
forms.  x{6)  is  a  divergence  factor  which  is  usually 
ignored  in  analysis,  but  will  be  shown  to  be  very 
important  for  forward  emitted  CTR.  Putting  Eq.  (1) 
into  Eq.  (2)  and  integrating,  the  CTR  photon  num¬ 
ber  angular  dependence  is  found  to  be 

dNcTR  _  ot(NbbN)2  (  sin3(fl)  \ 

4y/nnkr<j\(l  —  P  cos(6))2  J 

x  exp[  —  (nkt.  sin(0))2(crj  sin 2(0) 

+  c2y  cos2(0))]  (3) 


where  6  and  0  are  the  polar  and  azimuthal  angles 
and  a  is  the  fine  structure  constant.  Most  of  the 
CTR  light  is  found  in  a  small  annular  cone  with 
a  maximum,  using  an  axisymmetric  beam  of  size  <jr , 
near  0  «  \j^Jlnkrar.  Ignoring  the  divergence  factor 
and  integrating  Eq.  (2),  the  number  of  photons  can 
be  found  by  the  straightforward  relation 


=  «(AWV _y_\  V 

~4NM raz\nkJ  \  / 


(4) 


In  order  to  best  maximize  the  number  of  photons, 
Eq.  (4)  shows  the  electron  beam  must  be  very  dense 
at  the  foil.  It  should  also  be  noted  that  the  above 
relation  is  for  normal  incidence  of  the  electron 
beam  on  the  foil. 


The  present  experiment  was  performed  at  Los 
Alamos  National  Laboratory.  A  1300  MHz  RF 
photoinjector  produces  a  100  bunch  train  of  low- 
emittance  high-current  bunches.  Relevant  beam 
parameters  are  given  in  Table  1.  The  wiggler  used  is 
the  permanent  magnet  2  m  Kurchatov  undulator 
with  a  period  of  2.01  cm  and  is  the  same  one  used  in 
the  high-gain  SASE  FEL  in  Ref.  [10].1  For  the 
CTR  experiment,  a  6  pm  foil  was  put  on  an  insert- 
able  mount  which  when  inserted  was  2  cm  away 
from  the  last  period  of  the  wiggler  and  normal  to 
the  electron  beam.  Also,  the  foil  covered  the  entire 
exit  aperture  of  the  wiggler  so  when  inserted,  all  the 
FEL  radiation  would  be  reflected  back  and  the 
only  light  to  propagate  down  the  optical  beamline 
would  be  the  forward  emitted  CTR.  The  close  prox¬ 
imity  of  the  foil  to  the  end  of  the  wiggler  is  very 
important.  First,  there  would  be  very  little  electron 
beam  debunching  [11]  from  space-charge  effects 
and  second,  the  source  points  and  the  optical 
beamline  for  the  FEL  (foil  extracted)  and  CTR  (foil 
inserted)  radiation  would  be  the  same.  A  calibrated 
HgCdTe  detector  was  installed  3.5  m  away  from 
the  source  point  causing  the  angular  acceptance  of 
the  optical  beamline  to  be  about  12  mrad.  Mainly 
coherent  radiation  would  be  collected,  since  the 
incoherent  spectrum  is  peaked  at  a  much  larger 
angle,  0incoh  »  1/y  ^  30  mrad. 

For  the  present  experiment,  the  system  was  run 
at  a  charge  of  1.5  nC  and  the  conditions  for  the 
high-gain  SASE  FEL  in  Ref.  [9]  were  reestablished. 
Once  the  maximum  SASE  signal  was  obtained  and 
the  foil  inserted,  it  was  found  that  a  minor  RF 
phase  adjustment  of  2°  was  necessary  in  order  to 
maximize  the  CTR  signal  (and  thus  the  micro- 
bunching  of  the  beam)  emanating  from  the  foil.  In 
this  case,  adjustments  to  minimize  the  spot  size 
through  RF  focusing  would  enhance  the  CTR  radi¬ 
ation  as  predicted  by  Eq.  (4)  and  also  negligibly 
change  the  final  beam  energy.  Simulations  using 
the  3-D  FEL  code  Ginger  were  done  for  a  series  of 
experimental  parameters  giving  a  bunching  factor 


1  SASE  FEL  gain  in  excess  of  105  was  first  seen  in  this 
experiment. 
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Table  1 

Electron  beam  and  undulator  experimental  parameters 


Parameter 

Value 

Beam  energy  (E) 

17.5  MeV 

Peak  current  (I) 

140  A 

Charge/bunch  (Q) 

1.5  nC 

Bunch  length  (t) 

11  ps 

(FWHM) 

Energy  spread  (Ay/y) 

0.5% 

Wiggler  period  (2W) 

2.01  cm 

On  axis  field  (B0) 

7.4  kG 

FEL  wavelength  (2r) 

13  pm 

FEL  parameter  ( p ) 

0.008 

Rms  beam  sizes  {ax,  oy ) 

210,  160  pm 

between  0.008  and  0.01  for  the  first  harmonic  and 
negligible  bunching  for  the  higher  harmonics. 


4.  Results 

In  order  to  compare  the  measured  photon  num¬ 
ber  with  that  predicted  in  Eq.  (4),  the  attenuation 
factor  x(@)  introduced  in  Ref.  [7]  must  now  be 
examined.  When  the  radial  scattering  of  the  beam 
through  the  foil  is  much  less  than  the  angular 
spread  of  the  incoherent  radiation,  a'r  «  0scat  « l/y, 
the  attenuation  can  be  ignored.  When  this  condi¬ 
tion  is  violated,  %(0)  becomes  a  complicated  integral 
and  must  be  done  numerically  and  quickly  be¬ 
comes  less  than  unity.  Defining  a  degradation  fac¬ 
tor,  rj,  it  is  found  the  forward  emitted  CTR  signal 
through  the  6  pm  foil  is  reduced  by  a  factor  of  0.61. 
It  should  be  noted  that  this  experiment  was  first 
attempted  with  a  50  pm  foil  in  which  the  CTR  was 
greatly  smaller  than  expected  (rj  =  0.11)  leading  to 
the  examination  of  scattering  issues  in  the  foil. 
Using  the  predictions  from  Ginger  and  numerically 
integrating  Eq.  (2),  the  range  of  expected  photons  is 
Ny  =  2.8  x  108-4.4  x  108.  The  calibrated  measured 
photon  number  per  pulse  from  the  HgCdTe  detector 
was  3.5  x  108.  To  within  experimental  and  simula¬ 
tion  uncertainty,  the  numbers  agree  quite  well. 

Next  the  SASE  and  CTR  signals  were  sent 
through  a  Jerrel  Ash  monochrometer.  The  results 
are  shown  in  Fig.  1.  The  SASE  signal  is  attenuated 
by  a  factor  of  3  and  the  CTR  signal  is  multiplied  by 


Wavelength  (um) 

Fig.  1.  CTR/SASE  through  monochromator  versus  wavelength. 

12  to  give  it  the  same  scale  as  SASE  and  the 
resolution  for  the  monochrometer  was  found  to  be 
0.177  pm.  As  seen  in  the  figure,  the  signals  are 
nearly  centered  around  the  same  wavelength 
(13  pm)  as  expected.  This  shows  that  the  micro- 
bunching  of  the  beam  is  at  the  SASE  radiation 
wavelength  agreeing  with  theory. 


5.  Conclusion 

The  microbunching  of  an  electron  beam  due  to 
the  FEL  gain  process  has  been  shown  to  have 
a  spacing  equivalent  to  that  of  the  radiation 
wavelength.  Also,  the  narrow  angular  spectrum 
and  form  of  the  spectral  linewidth  were  measured 
and  shown  to  correspond  with  the  theoretical  pre¬ 
dictions.  When  doing  forward  scattered  CTR  ex¬ 
periments,  foil  thickness  and  scattering  effects  must 
be  carefully  considered.  This  method  of  diagnosing 
a  microbunched  electron  beam  is  being  planned 
for  the  Visible  FEL  experiment  at  Brookehaven 
National  Lab  in  which  the  microbunch  spacing  and 
radiation  wavelength  will  be  near  800  nm. 
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Abstract 

Recently,  we  showed  (Yu,  Phys.  Rev.  E  58  (1998)  4991)  that  the  widely  used  simulation  code  TDA3D,  even  though 
a  single-frequency  code,  can  be  used  to  determine  the  power  spectrum  in  the  SASE  process  with  excellent  approximation 
in  the  exponential  growth  regime.  In  this  paper,  we  apply  this  method  to  the  BNL  Cornell  Wiggler  A  SASE  experiment  as 
an  example.  When  the  gain  is  not  very  high,  there  are  many  modes  in  the  radiation,  which  seems  to  make  the  analytical 
calculation  very  difficult.  However,  we  show  that  the  increment  of  the  radiation  due  to  SASE  over  the  spontaneous 
radiation  can  be  expanded  in  terms  of  guided  modes  with  rapid  convergence.  Thus  when  the  spontaneous  radiation  is 
subtracted  from  the  SASE  power  during  the  calculation,  there  is  a  good  agreement  between  the  analytical  theory  and  the 
numerical  simulation.  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Power  spectrum;  Simulation  code;  SASE;  Coupling  coefficient 


1.  Introduction 

Recently,  we  showed  [1]  that  the  TDA3D  code, 
which  has  been  modified  to  include  harmonic  gen¬ 
eration  calculation,  can  be  used  to  calculate  the 
power  spectrum.  One  reason  that  made  this  pos¬ 
sible  is  that  in  the  linear  regime  there  is  a  very 
simple  scaling  relation  between  the  number  of 
simulation  particles  and  the  output  power;  the  out¬ 
put  power  is  inversely  proportional  to  the  number 
of  simulation  particles.  Hence,  the  number  of  simu¬ 
lation  particles  can  be  made  much  smaller  than  the 
actual  number  of  electrons  in  the  beam,  making  the 
simulation  practical. 

This  method  uses  an  entirely  different  approach 
to  reduce  the  number  of  simulation  particles  as 
compared  with  the  simulation  codes  such  as 
GINGER.  We  shall  briefly  compare  these  two 


approaches.  The  codes  such  as  GINGER  use  an 
artificial  initial  distribution  to  simulate  the  SASE 
start-up  process.  To  suppress  the  increased  shot 
noise  due  to  the  limited  number  of  simulation  par¬ 
ticles,  the  codes  are  based  on  a  distribution  with 
equally  spaced  particles.  To  introduce  a  controlled 
noise,  they  generate  a  random  deviation  from  the 
equally  spaced  distribution  with  a  controlled  rms 
value  of  the  displacements.  The  rms  displacement  is 
chosen  to  reproduce  the  same  mean  and  variance  of 
the  bunching  parameter.  While  the  mean  and  vari¬ 
ance  of  the  bunching  parameter  simulate  the  initial 
status  of  the  system,  it  is  not  evident  that  the  higher 
moments  of  this  quantity  would  not  affect  the 
high-gain  process,  it  is  also  not  evident  that  the 
mean  and  variance  of  the  relevant  quantity  would 
remain  to  be  the  same  as  the  realistic  distribution 
during  the  high-gain  process,  even  though  the 
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simulations  did  show  an  agreement  with  the  linear 
high-gain  theory. 

As  compared  with  these  codes,  our  method  uses 
a  realistic  distribution  instead  of  a  n  artificial  evenly 
spaced  distribution.  We  do  not  attempt  to  suppress 
the  noise  due  to  the  limited  number  of  simulation 
particles.  Rather,  use  the  scaling  relation  to  go  from 
the  simulation  case  with  increased  start-up  noise 
(due  to  the  reduced  number  of  simulation  particles) 
to  the  realistic  case.  In  this  manner,  we  obtain  the 
correct  radiation  power  in  the  linear  regime. 

Another  reason  that  we  can  use  a  single¬ 
frequency  code  such  as  TDA3D  to  calculate  the 
intrinsically  broad  band  SASE  process  is  the  fol¬ 
lowing.  In  the  original  TDA  code,  all  the  simulation 
particles  are  limited  to  within  one  optical 
wavelength,  or,  one  cell.  During  a  later  modifica¬ 
tion  of  the  code  for  harmonic  generation  cal¬ 
culation,  we  extended  the  code  such  that  the 
simulation  particles  could  be  in  an  arbitrary  num¬ 
ber  of  wavelengths.  It  is  easy  to  see  that  if  the 
number  of  cells  is  nh  then  the  code  is  describing 
a  fictitious  electron  beam  distribution  with  longitu¬ 
dinal  periodic  structure  of  n(  optical  wavelengths. 
That  is,  we  artificially  set  a  periodic  boundary  con¬ 
dition  on  the  electron  beam  with  period  equal  to 
n(  optical  wavelengths.  In  this  case,  the  radiation 
spectrum  has  a  line  structure  with  frequency  spac¬ 
ing  (ojri/,  where  cos  is  the  optical  frequency. 

We  denote  the  slippage  distance  by  ls  —  iVw/ls, 
and  the  distribution  period  by  /  =  %AS,  then  when 
/»/s,  the  line  spacing  cos/n (  is  much  narrower  than 
the  spontaneous  radiation  width  cos/Nw  and  the 
dense  line  structure  gives  a  profile  of  the  spontan¬ 
eous  spectrum.  When  we  choose  the  period  to  be 
equal  to  the  slippage  distance  l  =  /s,  i.e.,  when 
n{  =  iVw,  the  line  spacing  is  equal  to  the  radiation 
spectrum  width,  and  hence  there  is  only  one  line. 
The  slippage  iVw2s  is  equal  to  the  spacing  between 
the  periodic  boundaries  of  the  electron  beam. 
Hence  there  is  no  interaction  between  any  two  of 
the  idealized  periods  of  the  electron  distribution. 
The  calculated  output  energy  within  one  idealized 
period  of  the  electron  distribution  is  the  same  as  it 
would  be  from  a  non-periodic  structure  in  the  elec¬ 
tron  beam,  i.e.,  the  same  as  for  the  realistic  case  for 
SASE  process.  The  output  power  is  shown  to  be 

1/  N  W(0P  spon  Jdo)/ (o). 


Now  from  the  ID  analytic  theory  of  SASE,  we 
know  that  the  full  bandwidth  of  the  SASE  spectrum 

is  [1]  (l/NJdL^flKLa  £  (1/Ww)Vlw/4Lg.  This 
width  is  narrower  than  2 /JVW  as  long  as  Lw  <  16LG. 
So  when  the  wiggler  length  is  much  shorter  than  16 
power  gain  lengths,  if  we  choose  n{  to  be  equal  to 
the  number  of  periods  JVW,  to  good  approximation 
there  is  only  one  line  within  the  bandwidth  centered 
around  the  resonant  frequency.  Therefore,  when 
the  wiggler  length  is  much  shorter  than  16  power 
gain  lengths  TDA3D  serves  as  a  good  approxima¬ 
tion  to  the  output  power  even  though  it  handles 
only  one  single  spectral  line.  In  this  paper  we  as¬ 
sume  the  electron  bunch  is  much  longer  than 
the  slippage  and  the  bunch  shape  is  sufficiently 
smooth. 

In  Section  2,  we  shall  apply  the  new  method  to 
simulate  the  spontaneous  radiation  power  spec¬ 
trum  in  the  BNL  Cornell  Wiggler  A  experiment  as 
an  example  and  a  check  of  the  calculation.  In  Sec¬ 
tion  3,  we  apply  the  method  to  the  SASE  calcu¬ 
lation  of  the  same  experiment,  and  describe  the 
analytical  calculation. 


2.  The  calculation  of  the  spontaneous  radiation 
spectrum 

We  consider  the  parameters  for  the  BNL  Cornell 
Wiggler  A  SASE  experiment:  the  radiation  reson¬ 
ant  wavelength  is  2S  =  5  pm,  the  wiggler  period  is 
2W  =  3.3  cm,  the  wiggler  length  is  Lw  -  1.98  m,  the 
number  of  period  is  iVw  =  60,  with  wiggler  para¬ 
meter  Kmax  =  1.44,  and  the  e-beam  energy  is 
y  =  82.  We  take  a  small  current  I0  =  10  A  to  calcu¬ 
late  spontaneous  radiation.  Our  analytical  cal¬ 
culation  based  on  the  well-known  spontaneous 
radiation  theory  shows  that  the  power  spectrum, 
integrated  over  the  full  solid  angle  of  the  radiation, 
is  as  shown  by  the  solid  curve  in  Fig.  1.  Because 
when  the  radiation  angle  is  deviating  from  the 
forward  direction,  the  wavelength  is  always  shifted 
to  longer,  even  though  for  a  very  small  solid  angle 
the  radiation  spectrum  is  a  simple  sine  function  of 
width  1/JVW,  the  integrated  spectrum  over  all  angle 
is  more  like  a  step  function  with  rising  width  1/JVW 
near  the  resonant  wavelength  2S.  We  can  show  that 
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Fig.  1.  Output  power  spectrum  for  spontaneous  radiation  as 
a  function  of  wavelength. 


the  peak  of  the  power  spectrum,  integrated  over  the 
full  solid  angle,  is  given  by 


0  P  \ 

spon.  \ 

,  /peak 


=  n6lB0 


(1) 


where  9W  =  y/2Xs/Lw  is  defined  as  the  opening 
angle  of  the  spontaneous  radiation  within  a  suffi¬ 
ciently  narrow  bandwidth,  and  B0  is  the  brightness 
in  the  forward  direction  and  at  the  resonant  fre¬ 
quency,  given  by 


Bo 


'  e2Pspon.  \ 
(do)/o))dQ/e= o,o=o>. 
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(1  +  KIJ2) 


r  IJJV<DS 


(2) 


with  Z0  =  377  Q  the  vacuum  impedance,  and  [JJ] 
the  Bessel  factor.  We  can  also  show  that  at  the 
resonant  wavelength  Xs,  the  power  spectrum  is  half 
of  the  peak  height,  and  the  peak  is  positioned 
at  a  longer  wavelength,  away  from  Xs  by  a  space 
of  order  but  less  than  Xs/Nw.  For  our  example, 
these  formulas  give  6W  =  2.2  mrad  and 
V N W(0P spon./(<W( w))peak  =  0.043  W. 

As  explained  before,  to  calculate  the  power  spec¬ 
trum,  we  choose  the  number  of  wavelength  cells  in 
the  TDA3D  calculation  to  be  Nw  =  60.  The  num¬ 
ber  of  electrons  in  one  wavelength  is  then 
N  =  loXJec  =  1.1  x  106.  Because  the  algorithm 
used  by  TDA3D  [2],  we  must  always  specify  an 


input  power  to  normalize  the  calculation,  we 
choose  the  input  power  to  be  10“loW,  which  is 
small  enough  that  the  output  is  entirely  determined 
by  the  shot  noise  of  the  simulation  particle,  and  not 
affected  by  this  number.  When  the  number  of  simu¬ 
lation  particles  is  N*  —  1200,  for  the  given  para¬ 
meters,  we  found  that  at  X  =  5.05  pm,  the  radiation 
power  reaches  the  peak  value  of  F  —  40  W,  after 
averaging  over  many  runs.  Thus,  using  the  scaling 
relation,  we  find  that  the  real  radiation  power  spec¬ 
trum  is 

1  faf.ponA  =  w  , 

N„\da>/co  ;peak  i\r 

-n^*40  -  004"-  « 

To  test  the  convergence  of  the  simulation,  Fig.  1 
gives  the  results  for  several  sets  of  simulation  of  the 
power  spectrum  as  a  function  of  the  wavelength 
X  and  compare  them  with  the  analytical  theory.  The 
figure  also  indicates  the  number  of  runs  of  TDA3D 
for  each  of  the  average  points.  The  figure  shows 
that  when  the  number  of  radial  mesh  points 
NPTR  =  360  and  average  over  20  runs,  the  simula¬ 
tion  is  converging  to  the  analytical  theory. 


3.  The  simulation  of  SASE 

To  simulate  SASE,  we  assume  an  idealized  distri¬ 
bution  used  in  Ref.  [3].  The  transverse  distribution 
is  a  step  function  profile  with  a  constant  current 
density  within  a  radius  of  2 <rx,  where  <rx  — 
170  pm  is  the  rms  radius,  the  current  density  is  zero 
outside  this  radius.  We  assume  all  the  electron 
momentum  is  parallel  to  the  wiggler  axis.  We  as¬ 
sume  both  the  horizontal  and  vertical  focusing  is 
zero.  Use  the  method  described  in  Section  2,  we 
plot  in  Fig.  2  the  power  spectrum  at  the  resonant 
frequency  cos  as  a  function  of  current,  varied  from 
zero  to  1 10  A,  every  point  is  an  average  over  10  run 
with  different  initial  random  number  seeds.  In  this 
calculation  we  used  five  azimuthal  modes  with 
m  =  0,  +  1>  i  2. 

For  this  idealized  model,  the  SASE  power  in  the 
guided  modes  is  explicitly  solved  [3,4].  The  power 
spectrum  in  a  mode  n  =  { j,  m}  ( j  is  the  radial  node 
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number,  m  is  the  axial  node  number)  is 

(4) 

where  LG„  is  the  power  gain  length,  and  a  is  the 
scaled  beam  size  defined  by  a 2  =  I6kskwpal,  with 
ks,  kw  the  wavenumber  for  the  radiation  and  the 
wiggler,  respectively,  p  is  the  Pierce  parameter  [5] 
given  by 


T55)  =\eL'IL-C„{a) 

dm  /sase  9 


ILqJAPV- 

Cw  spoil. 


2  n0Z0e2K?ms[JJf 
(2<» - 2^,‘tic  - 


(5) 


where  n0  is  the  peak  current  density,  in  our  case  it  is 
just  the  current  density  within  the  edge  radius 
2 <jx,  since  it  is  a  constant.  Krms  is  the  rms  wiggler 
parameter.  The  gain  length  is  given  by 
Lg  =  lJ$nplm{An{a)).  Thus  the  power  spectrum 
Eq.  (4)  is  completely  determined  by  the  scaled 
beam  size  a  through  two  functions:  the  coupling 
coefficient  Cn  and  scaled  growth  rate  2„.  The  phys¬ 
ical  meaning  of  Eq.  (4)  is  clear  now:  the  SASE 
input  noise  is  the  spontaneous  radiation  power 
spectrum  within  two  power  gain  lengths 
[(2LGn/Lw)(dP/dco)^p0n.],  and  this  input  noise  is 
coupled  by  the  coupling  C„,  and  then  amplified  by 
a  factor  %qUILg-  to  give  the  output  power  spectrum. 

The  two  functions  C„  and  Xn  are  calculated  and 
given  in  detail  by  Ref.  [1],  and  to  a  good  approxi¬ 
mation  when  a  >  0.25,  the  calculated  results  are  fit 
with 


A- 


( 1  K/l  +a2)(«  o  +  «i  ( 1  /a2)) 


(6) 


and 


C„(a) = 


(i/ayr+aWo+Wi/a2)) 


(7) 


where  for  the  mode  {1,0},  we  have  a0  —  0.397, 
oq  =  -  0.0067,  p0  =  1-093,  p1  =  -  0.02;  while  for 
the  mode  (1,  + 1}  we  have  a0  =  1.2625, 
oq  =  -  0.1494,  p0  =  5-082,  p1  =  -  0.5707. 

As  an  example,  let  us  take  I0  =  110  A.  Using 
Eq.  (5),  we  find  that  the  Pierce  parameter 
p  =  8  x  10" 3,  and  the  scaled  beam  size  a  =  0.95. 
Applying  these  to  Eq.  (6),  and  Eq.  (7),  we  find  the 
power  gain  lengths  and  coupling  coefficients  for  the 


mode  n  =  {1,0}  to  be  LG  =  0.26  m,  C  =  0.24,  and 
for  mode  m  =  {1,  ±  1},  LG  =  0.43  m,  C  =  0.021. 

Using  Eq.  (4),  we  can  calculate  the  power  spec¬ 
trum  in  each  mode,  and  sum  over  modes.  However, 
empirically,  we  find  it  is  convenient  to  calculate  the 
increment  of  SASE  power  over  spontaneous  radi¬ 
ation  power  ratio  by  summing  over  the  corre¬ 
sponding  ratio  increments  for  all  the  modes.  Thus 
we  have 


(dP/dco)sASE  _  j  __  P^l.98/0.26 

(dP/dco)^on.  "  [9 
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x  0.24  x 


2  x  0.26 
1.98 


+  2  x 


.98/0.43 


x  0.021  x 


2x0.43 

1.98 


+  ••• 


—  13.6  +  0.2  4-  •••  ~  14. 


(8) 


The  1  in  each  term  in  the  square  parentheses  is  the 
subtraction  of  the  contribution  from  the  spontan¬ 
eous  radiation.  The  extra  factor  2  in  the  second 
term  is  due  to  the  two  modes  with  m  =  +  1.  For 
higher  modes,  the  gain  factor  ieLw/Lc"  is  rapidly 
reduced  to  nearly  one  or  even  smaller  than  one,  and 
the  formula  Eq.  (4)  is  not  valid.  However,  the  gain 
for  these  higher  modes  are  negligible,  this  means 
that  they  only  contribute  to  the  spontaneous  radi¬ 
ation,  so  (, IqLJLg”  —  1)  for  these  modes  can  simply 
be  replaced  by  0  as  an  approximation.  The  SASE 
over  spontaneous  radiation  ratio  is  then 
14  +  1  =  15.  The  SASE  power  spectrum  calculated 
this  way  is  plotted  against  the  simulation  results  in 
Fig.  2,  showing  a  good  agreement. 

Naturally,  one  familiar  with  one-dimensional 
high-gain  FEL  theory  would  raise  a  question. 
When  the  gain  is  not  very  high  there  are  three 
longitudinal  terms,  i.e.,  in  addition  to  the  growth 
term,  there  are  other  two  terms  comparable  with 
the  growth  term:  one  is  exponentially  decaying,  the 
other  is  oscillating,  and  the  formula  Eq.  (4)  is  not 
valid.  Why  we  can  still  use  this  formula  even  the 
total  SASE  over  spontaneous  radiation  ratio  is 
rather  small,  as  shown  in  Fig.  3. 

The  answer  is  that,  for  the  two  modes  we  wrote 
down  in  Eq.  (8),  the  gain  factor  is  indeed  much 
larger  than  one.  In  three-dimensional  theory,  the 
corresponding  decaying  mode  and  oscillating  mode 
should  be  calculated  as  other  transverse  modes. 
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Fig.  2.  Output  power  versus  current  for  the  step  function  model. 
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Fig.  3.  Output  power  versus  current  for  the  waterbag  model. 


Fig.  4.  Radiation  energy  versus  e-beam  charge  in  the  Cornell  Wiggler  A  SASE  experiment  at  BNL. 
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They  are  neglected  because  we  are  only  calculating 
gain,  and  these  modes  only  contribute  to  the  spon¬ 
taneous  radiation,  which  is  subtracted  from  SASE 
calculation.  If  we  do  not  subtract  the  spontaneous 
radiation  from  the  SASE,  the  series  would  converge 
very  slowly.  In  addition,  for  the  higher  modes,  the 
growth  term  is  not  large  enough  to  dominate  over 
the  other  decaying  and  oscillating  terms,  so  the 
calculation  becomes  very  difficult.  In  short,  using 
guided  modes  to  calculate  spontaneous  radiation  is 
very  difficult  and  unnecessary.  By  subtracting  the 
spontaneous  radiation,  and  only  calculating  the 
gain,  we  avoid  this  difficulty,  and  obtain  an  empir¬ 
ically  excellent  approximation. 

Up  to  now,  we  used  an  idealized  step  function 
beam  profile  to  test  the  calculation.  To  compare 
with  the  experiment,  we  use  a  more  realistic  water- 
bag  model.  We  choose  the  same  rms  beam  size 
(jx  =  170  pm.  This  corresponds  a  normalized  emit- 
tance  s„  =  4  mm  mrad  for  our  case  with  a  focusing 
betatron  wavelength  =  3.7  m.  We  take  the  local 
energy  spread  to  be  (Ay/y)rms  =  4  x  10  "4.  These 
parameters  lead  to  a  power  gain  length  with  water- 
bag  model  Lg  =  0.26  m,  same  as  the  step  function 
model  case  before. 


The  calculated  results  are  shown  in  Fig.  3.  The 
dots  are  the  simulation  with  the  waterbag  model, 
and  the  solid  line  is  the  calculation  using  the  ana¬ 
lytical  method  Eq.  (8)  for  the  step  function  model 
with  the  same  rms  beam  size.  The  agreement  is  very 
good  considering  the  crude  nature  of  the  approxi¬ 
mation. 

A  recent  SASE  experimental  result  is  plotted  in 
Fig.  4.  We  did  not  have  enough  time  to  characterize 
the  e-beam  before  this  conference.  However,  the 
plot  clearly  shows  that  the  beam  quality  is  better 
than  our  originally  designed  parameters  used 
for  our  calculation  in  this  paper  (110  A,  4  mm 
mrad). 


References 

[1]  L.H.  Yu,  Phys.  Rev.  E  58  (1998)  4991. 

[2]  T.M.  Tran,  J.S.  Wurtele,  Comput.  Phys.  Commun.  54  (1989) 
263. 

[3]  S.  Krinsky,  L.H.  Yu,  Phys.  Rev.  A  35  (8)  (1987)  3406. 

[4]  L.H.  Yu,  S.  Krinsky,  Nucl.  Instr.  and  Meth.  A  285  (1989) 
119. 

[5]  R.  Bonifacio,  C.  Pellegrini,  L.M.  Narducci,  Opt.  Commun. 
50  (1984)  373. 


ELSEVIER  Nuclear  Instruments  and  Methods  in  Physics  Research  A  429  (1999)  219-224 


NUCLEAR 
INSTRUMENTS 
&  METHODS 
IN  PHYSICS 
RESEARCH 

_ Section  A _ 


www.elsevier.nl/locate/nima 


Electron  beam  matching  and  its  influence  on  the  performance 

of  high-gain  free-electron  lasers 

H.P.  Freund*  *,  P.G.  O’Shea” 

^Science  Applications  International  Corporation,  1710  Goodridge  Drive,  McLean,  VA  22102,  USA 
hFree-Electron  Laser  Laboratory,  Duke  University,  Durham,  NC  27708,  USA 


Abstract 

We  consider  the  influence  of  electron  beam  on  the  performance  of  high-gain  FELs.  We  test  this  hypothesis  for  a  SASE 
configuration  using  a  3-D  multimode  simulation.  The  gain  length  predicted  for  a  matched  beam  agrees  well  with  analytic 
theory,  and  the  simulation  indicates  that  while  the  gain  length  is  optimized  for  a  matched  beam  the  saturated  power  may 
not  be  optimized.  In  previous  work  we  have  considered  a  flat-top  beam  model  while  we  also  consider  a  Gaussian  beam 
model,  and  conclude  the  two  are  in  substantial  agreement.  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  41.60.Cr;  52.75.M 
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High-gain  free-electron  lasers  (FELs)  are  pro¬ 
posed  as  fourth  generation  light  sources  [1-4].  Most 
analytic  and  numerical  studies  assume  optimal  per¬ 
formance  for  a  matched  electron  beam  [5].  While 
this  assumption  has  been  verified  by  simulation  for 
low-gain  oscillators  [6],  the  dynamics  of  a  high-gain 
self-amplified  spontaneous  emission  (SASE)  FEL  are 
different.  Our  purpose  is  to  study  the  effect  of  match¬ 
ed  and  unmatched  beams  of  FEL  performance. 

High-gain  FELs  differ  substantially  from  low- 
gain  oscillators.  Because  the  optical  cavity  acts  as 
a  mode  filter,  the  radiation  pattern  is  governed 
largely  by  the  aperture  and  mirror  geometry,  and 
optical  guiding  is  not  dominant  [7].  Hence,  the 
optical  power  is  concentrated  in  a  single-TEM0o 
Gaussian  mode  [8].  In  contrast,  the  gain  length  is 
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much  less  than  the  wiggler  length  and  betatron 
oscillation  period  in  a  high-gain  amplifier  and  dif¬ 
fraction  is  limited  only  by  optical  guiding.  Even 
when  the  beam  envelope  performs  betatron  oscilla¬ 
tions,  the  optical  mode  follows  the  beam  envelope 
[9].  Therefore,  the  optical  mode  content  of  a  high- 
gain  FEL  is  more  complex  than  that  of  a  low-gain 
oscillator. 

To  analyze  high-gain  FEL  amplifiers,  we  employ 
a  previously  described  3-D,  nonlinear  formalism 
which  simulates  a  planar  wiggler  with  an  ensemble 
of  Gauss-Hermite  optical  modes  [10,11].  We  as¬ 
sume  that  the  electron  beam  pulse  length  exceeds 
the  slippage  distance  through  the  wiggler;  hence, 
finite  pulse-length  effects  are  negligible.  In  addition, 
a  monochromatic  assumption  is  made  which 
permits  an  average  over  the  fast  time  scale. 
The  dynamical  equations  for  the  mode  amplitudes 
and  phases  are  integrated  simultaneously  with  the 
3-D  Lorentz  force  equations  for  the  electrons.  No 
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wiggler  average  is  imposed  on  the  orbit  equations, 
which  are  integrated  subject  to  detailed  wiggler  and 
radiation  fields. 

The  simulation  self-consistently  models  beam  in¬ 
jection  into  the  wiggler  over  an  adiabatic  entrance 
region  of  Nw  wiggler  periods,  and  the  initial  state  of 
the  electron  beam  is  described  at  the  wiggler 
entrance.  Two  distributions  are  used:  one  with 
a  flat-top  density  profile,  and  one  which  models  a 
matched  Gaussian  beam.  The  advantage  of  the 
flat-top  model  is  that  it  is  not  restricted  to  the  case 
of  a  matched  beam  which  permits  us  to  study  the 
detailed  effects  of  beam  matching. 

The  flat-top  distribution  describes  a  cylindrical 
beam  with  a  momentum  space  distribution  which  is 
monoenergetic  but  with  a  pitch-angle  spread  corre¬ 
sponding  to  a  nonzero  emittance,  i.e. 


Fb(Po)  = 

exp[  -  (p-o  -  p0)2/Apf]<5(po  -  plo  -  p?0)H(p20) 
ttfo"dpzo  exp[  -  (pz o  -  p0)2/Ap,2] 

(1) 

where  p0  and  A pz  denote  the  bulk  momentum  and 
the  axial  momentum  spread,  and  H  is  the  Heaviside 
function.  The  axial  energy  spread  associated  with 
the  distribution  is 


—  =  1 - ,  (2) 

7o  VI  +  2 (y%  -  l)Apz/p0 

where  yl  =  1  +  po/m2c2.  The  transverse  emittance 
of  this  distribution  is  given  by  £  «  jRb0p,  where  Rh 
is  the  beam  radius  prior  to  injection,  and  6P  is 
the  maximum  pitch  angle  given  by  6P  = 

sin_1(p±,  max/Po)  where  p±,  ma*= V2p0Apz  in  the 
limit  where  Apz«p0.  Further,  since  Apz/p0 « 
Ay2/yo  for  y0»l  this  corresponds  to  a  normalized 
emittance  of 


(3) 


Here  Rb  is  the  beam  radius  at  the  start  of  the 
adiabatic  region.  The  beam  radius  through  the 
wiggler  exhibits  betatron  oscillations,  except  for 
a  matched  beam.  We  fix  £n  and  vary  Rb  over  a  range 
that  includes  the  matched  beam.  This  permits  a  de¬ 


termination  of  the  variation  in  the  exponentiation 
[i.e.,  gain]  length  and  saturation  efficiency  with  Rh. 

The  Gaussian  beam  distribution  we  use  is  also 
monoenergetic  and  is  given  by 

Fb(x o,  y0,Po )  = 

exp[  -  xl/al  -  yl/<j2  -  pl0/(r2px  -  Pyo/<?2py] 

{In)2  GXGy(J pX<J py 

X  5[pz o  -  Vpo  —  pio]  (4) 

where  ox,  <ry,  apx ,  opy  denote  the  spread  in  coordi¬ 
nates  and  momentum.  This  distribution  can,  in 
general,  treat  elliptic  beams;  however,  we  confine 
ourselves  in  this  work  to  cases  where  ax  =  oy  and 
( 7px  =  <jpr  For  a  matched  beam  these  parameters 
are  given  in  terms  of  the  normalized  emittance  by 

gx  =  =  s/hJy  and  (Tpx  =  Gpy  = 

We  study  a  proposed  SASE  demonstration  ex¬ 
periment  [12]  using  the  PALADIN  wiggler  [13]. 
The  electron  beam  has  an  energy  of  200  MeV, 
a  current  of  2500  A,  and  £n  «  20-40  mm  mrad.  The 
PALADIN  wiggler  is  a  hybrid  design  with  para¬ 
bolic  pole  faces  and  an  8-cm  period,  and  the  field 
for  each  period  is  individually  controllable  with 
maximum  on-axis  fields  of  «  4  kG,  and  a  variable 
entry  taper  region.  The  parabolic-pole-faces  are 
modeled  in  the  simulation,  and  we  choose  an  am¬ 
plitude  of  4.0  kG  with  an  entry  taper  region 
Nw  =  5. 

The  first  consideration  is  to  study  the  variation 
in  the  matched  beam  radius  with  emittance  using 
the  flat-top  distribution.  The  matched  beam  radius 
is  Rm  =  y/ffejy,  where  fi  =  yljdna^  2W  is  the  wig¬ 
gler  period,  aw  is  the  normalized  rms  wiggler  para¬ 
meter,  and  S  is  a  number  which  depends  on  the  type 
of  focusing.  Since  we  consider  a  wiggler  with  equal 
two-plane  focusing  <5  =  Jl.  The  evolution  of  the 
beam  radius  for  Rb  =  0.3-0.8  mm  is  shown  in  Fig.  1 
for  our  choice  of  beam  and  wiggler  parameters  and 
£n  =  30  mm  mrad.  The  oscillation  in  Rb  is  mini¬ 
mized  (denoting  a  matched  beam)  for  Rh  ~  0.5  mm. 
Corresponding  choices  for  Rb  which  yield  a  match¬ 
ed  beam  Rb  =  0.42  mm  for  £n  =  20  mm  mrad,  and 
Rb  =  0.6  mm  for  £n  =  40  mm  mrad.  Note  also  that 
the  betatron  period  in  the  wiggler  is  «  12  m. 

We  compare  the  simulation  (using  both  distri¬ 
butions)  with  a  linearized  analytic  theory  (i.e., 
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Fig.  1 .  Evolution  of  the  electron  beam  radius  for  various  choices 
of  the  initial  beam  radius  and  a  normalized  emittance  of  30  mm 
mrad. 

exponential  gain  phase)  [14,15]  for  a  matched 
beam.  The  linear  theory  was  originally  derived  for 
a  waterbag  distribution  [14]  and  subsequently  ex¬ 
tended  to  deal  with  a  Gaussian  beam  in  both  mo¬ 
mentum  space  and  radial  profile  [15].  The  matched 
beam  radius  in  this  model  refers  to  the  rms  radius 
of  the  Gaussian  beam  profile,  and  the  theory  yields 
estimates  of  0.41,  0.51,  and  0.58  mm,  respectively, 
for  £n  =  20,  30,  and  40  mm  mrad.  These  estimates 
are  in  close  agreement  with  the  simulation  subject 
to  the  identification  of  Rh  with  the  rms  beam  radius 
in  the  linearized  analytic  theory  for  a  Gaussian 
radial  profile. 

For  the  parameters  of  interest,  peak  ampli¬ 
fication  is  found  for  A  «  1.41-1.44  pm.  We  first 
compare  the  two  beam  models  at  the  wavelength 
corresponding  to  peak  growth  (A  =  1.421  pm)  for 
a  matched  beam  and  a  normalized  emittance  of 
20  mm  mrad.  The  start  is  chosen  to  be  0.5  W  based 
upon  standard  approximations  for  the  spontan¬ 
eous  emission  [2,15].  We  consider  an  initial  beam 
waist  corresponding  to  a  Rayleigh  length  of 
z0  (  =  7two/A)  «  6.2  m.  A  comparison  of  the  evolu¬ 
tion  of  the  power  versus  axial  position  for  the 
two-beam  models  is  shown  in  Fig.  2.  Note  that  39 
transverse  modes  were  used  in  the  simulation,  and 
that  the  total  initial  power  was  in  the  TEM00  mode. 
It  is  clear  from  the  figure  that  the  two-beam  models 
are  is  substantial  agreement  for  the  simulation  of 
a  matched  beam,  and  we  now  proceed  to  consider 


Fig.  2.  Evolution  of  the  power  versus  axial  position  for  the 
Gaussian  and  flat-top  beam  models. 


the  agreement  between  the  simulations  and  the 
linear  analytic  theory. 

Some  discussion  is  required  about  the  mono¬ 
chromatic  model  for  a  SASE  FEL  where  the  entire 
spontaneous  noise  spectrum  is  amplified.  Mono¬ 
chromatic  simulations  are  in  use  in  designing  X-ray 
SASE  FELs  at  the  Stanford  Linear  Accelerator 
Center  [4]  for  the  linac  coherent  light  source 
(LCLS)  at  A  «  1.5  A  and  at  the  Deutsches  Elek- 
tronen-Synchrotron  [17]  for  the  TESLA  test  facil¬ 
ity  (TTF)  for  A  «  60  A.  No  experimental  validation 
of  these  simulations  exists  at  these  wavelengths; 
however,  an  earlier  SASE  FEL  experiment  at 
A  «  600  pm  has  shown  the  utility  of  such  models  in 
describing  several  important  spectral  character¬ 
istics  [18].  The  monochromatic  formulation  can 
explain  the  bulk  exponential  growth  in  a  SASE 
FEL,  and  can  also  reproduce  the  bulk  features  of 
the  unsaturated  spectrum.  However,  it  is  unable  to 
treat  spectral  noise,  the  evolution  of  the  saturated 
state,  and  finite  pulse-length  effects. 

The  variation  in  the  gain  length,  Lg,  versus 
A  found  in  simulation  is  shown  in  Fig.  3  for  the 
flat-top  model  and  a  matched  beam  with  £n  —  20, 
30,  and  40  mm  mrad.  Otherwise  the  beam  and 
wiggler  parameters  were  as  used  previously.  The 
peak  growth  rate  occurs  for  A  =  1.426  pm  regard¬ 
less  of  emittance,  and  the  minimum  Lg  =  0.45, 0.49, 
and  0.53  m,  respectively  for  £n  =  20,  30,  and  40  mm 
mrad.  The  linear  analytic  theory  [15]  yields 
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Wavelength  (microns) 

Fig.  3.  Variation  of  the  exponentiation  length  with  wavelength. 


Lg  =  0.45, 0.51,  and  0.57  m  for  these  emittances  and 
Rayleigh  lengths  subject  to  the  identification  of  the 
Gaussian  beam  rms  radius  with  Rh  in  the  nonlinear 
formulation.  The  Gaussian  beam  model  also  is  in 
substantial  agreement  with  both  the  flat-top  beam 
and  the  linear  analytic  theory,  and  predicts  growth 
lengths  of  0.45, 0.48,  and  0.52  m  for  £n  =  20,  30,  and 
40  mm  mrad.  For  a  matched  beam,  the  simulations 
and  the  linear  theory  are  in  good  agreement. 
A  summary  of  the  comparison  is  given  in  Table  1. 

The  parameters  of  the  proposed  Duke/ 
PALADIN  FEL  are  in  the  general  category  cover¬ 
ing  the  LCLS  and  TTF.  These  include  two  LCLS 
designs  [4]  at  5  and  15  GeV,  and  the  TTF  design 
[17]  at  1  GeV.  The  design  parameters  vary  widely; 
nevertheless,  these  designs  exhibit  similar  scaling 
with  regard  to  many  essential  features  of  the  FEL 
physics  as  shown  by  a  number  of  dimensionless 
parameters  characterizing  the  interaction.  Firstly, 


Fig.  4.  Variation  of  the  exponentiation  length  with  initial  beam 
radius. 


Lg/2p  «  0.05  and  LJ/ lp  «  1  which  is  characteristic 
for  all  of  these  high-gain  systems.  The  diffraction 
parameter  B  (  =  4nRb/XLg)  is  a  measure  of  the  rela¬ 
tive  importance  of  diffraction  over  a  gain  length 
[2,19],  and  diffraction  is  relatively  unimportant 
when  B  >  1,  as  satisfied  for  all  the  examples.  Hence, 
the  present  study  is  relevant  to  a  wide  range  of 
practical  SASE  designs. 

On  the  matched  beam  effects,  we  plot  Lg  versus 
Rh  from  simulation  in  Fig.  4  for  £n  =  20,  30,  and 
40  mm  mrad.  The  simulations  for  £n  =  20  and 
40  mm  mrad  were  for  X  =  1.426  pm  corresponding 
to  the  optimal  Lg,  and  Lg  was  minimized  for 
a  matched  beam.  The  30  mm  mrad  case  was  for 
X  =  1.421  pm  to  determine  if  the  behavior  differed 
for  wavelengths  removed  from  the  maximum 
growth  rate,  but  the  matched  beam  optimized 
Lg  even  here.  In  all  cases,  Lg  varied  weakly  with  Rb. 
For  example,  at  en  =  30mm  mrad,  Lg  increased 


Table  1 

Comparison  of  the  simulation  and  the  linear  theory  for  the  matched  beam  radius  and  gain  length.  The  gain  length  is  found  at 
X  =  1.426  pm,  z0  —  8.8  m 


en  (mm  mrad) 

z0  (m) 

Matched  beam  radius  (mm) 

Gain  length  (m) 

Flat-top  beam 

Linear  theory 

Flat-top  beam 

Gaussian  beam 

Linear  theory 

20 

6.2 

0.42 

0.41 

0.45 

0.45 

0.45 

30 

8.8 

0.50 

0.51 

0.49 

0.48 

0.51 

40 

12.7 

0.60 

0.58 

0.53 

0.52 

0.57 
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from  a  minimum  of  0.47  m  at  Rb&  0.45  mm  to 
a  maximum  of  0.57  m  for  Rh  «  0.8  mm.  This  is  an 
increase  of  only  21%  for  a  change  in  Rb  of  78%.  It 
is  important  to  observe  (see  Fig.  1)  that  such  a  large 
change  in  Rh  from  the  matched  beam  condition 
results  in  a  relatively  large  oscillation  in  the  beam 
envelope.  Optical  guiding  is  described  in  simulation 
by  the  inclusion  of  higher-order  modes.  The  start 
power  is  assumed  to  be  only  in  the  TEM0o  mode, 
and  optical  guiding  is  described  by  the  growth  of 
higher-order  modes.  The  saturated  state  for  the 
present  examples  shows  substantial  power  in  the 
higher-order  modes;  in  particular,  while  the  total 
optical  power  is  «  3.8  GW,  the  TEM0o  mode 
power  is  only  0.9  GW;  hence,  we  conclude  that 
optical  guiding  mitigates  much  of  the  effect  of  the 
betatron  oscillations.  A  discussion  of  the  emittance 
requirements  for  optical  guiding  and  related  issues 
for  short-2  SASE  FELs  can  be  found  in  Ref.  [16]. 

Examination  of  the  saturated  power  versus  Rb, 
however,  leads  to  a  more  equivocal  conclusion  re¬ 
garding  the  value  of  beam  matching.  In  Fig.  5  we 
plot  the  saturated  power  (for  whatever  wiggler 
lengths  are  required  to  reach  saturation)  for  the 
examples  shown  in  Fig.  4.  The  saturated  power  for 
en  =  40  mm  mrad  is  higher  than  for  30  mm  mrad 
due  to  the  different  wavelengths  used.  Evidently, 
while  a  matched  beam  corresponds  to  the  peak 
saturated  power  for  £n  =  20  mm  mrad,  this  is  not  so 
for  either  £n  =  30  or  40  mm  mrad.  In  the  latter 


Fig.  5.  Variation  of  the  saturated  power  with  initial  beam 
radius. 


cases,  the  saturated  power  is  relatively  constant 
over  a  broad  range  of  Rh,  and  may  be  higher  for 
unmatched  beams.  Of  course,  since  Lg  is  longer  for 
the  unmatched  beams,  a  longer  wiggler  is  required. 

In  summary,  we  employed  a  nonlinear  FEL 
simulation  to  determine  if  a  matched  beam  opti¬ 
mizes  the  performance  of  a  high-gain  FEL  ampli¬ 
fier.  Comparison  of  Lg  from  simulation  using  both 
the  flat-top  and  Gaussian  beam  models  and  linear 
theory  for  a  matched  beam  shows  good  agreement. 
Using  the  simulation  to  investigate  the  effect  of 
unmatched  beams,  we  find  that  a  matched  beam 
yields  an  optimal  growth  rate.  However,  the 
increase  in  Lg  with  increases  in  the  oscillation  of 
the  beam  envelope  is  relatively  mild.  Further, 
a  matched  beam  does  not  necessarily  yield  the 
greatest  efficiency.  Note  that  for  the  SASE  FELs 
considered,  the  gain  lengths  are  substantially  less 
than  both  the  Rayleigh  ranges  and  the  betatron 
periods. 

For  a  long  enough  wiggler  to  reach  saturation, 
the  power  is  relatively  independent  of  (while  Ls  is 
weakly  dependent  on)  the  degree  of  beam  mis¬ 
match.  We  also  attribute  this  weak  dependence  on 
the  beam  mismatch  to  optical  guiding  since  the 
bulk  of  the  saturated  power  is  in  the  higher-order 
modes  (the  TEM0o  mode  constitutes  «  20%  of  the 
total  power)  for  all  cases  considered.  We  have 
shown  that  a  variation  in  Rb/RM  in  the  range 
0.6-1.6  results  in  an  increase  in  Lg  of  up  to  21%, 
while  the  saturated  power  can  either  increase  or 
decrease  depending  upon  the  detailed  parameters. 
Thus,  the  principal  result  of  a  matched  beam  is 
a  small  reduction  in  wiggler  length  with  no  certain 
increase  in  efficiency.  This  is  particularly  significant 
for  nonthermalized  beams  where  there  is  a  sub¬ 
microbunch  phase-space  correlation  (i.e.,  the 
phase  space  Courant-Snyder  parameters  vary 
along  the  bunch  [20]),  and  it  is  impossible  to 
match  the  entire  bunch  into  the  wiggler  with  con¬ 
ventional  magnetic  optics.  This  greatly  simplifies 
the  design  of  high-gain  SASE  FELs  since  it  implies 
that  performance  is  weakly  affected  by  matching 
the  beam  into  the  wiggler.  The  agreement  between 
Gaussian  and  flat-top  beam  models  for  the  match¬ 
ed  beam  case  suggests  that  FEL  performance  is 
weakly  dependent  upon  the  detailed  transverse 
beam  model. 
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Abstract 

A  computer  code  for  gain  optimization  of  high-gain  free-electron  lasers  (FELs)  is  described.  The  electron  motion  is 
along  precalculated  period-averaged  trajectories,  and  the  finite-emittance  electron  beam  is  represented  by  a  set  of  thin 
“partial”  beams.  The  radiation  field  amplitudes  are  calculated  at  these  thin  beams  only.  The  system  of  linear  integral 
equations  for  these  field  amplitudes  and  the  Fourier  harmonics  of  the  current  of  each  thin  beam  is  solved  numerically. 
The  code  is  aimed  for  design  optimization  of  high-gain  short-wavelength  FELs  with  nonideal  magnetic  systems  (breaks 
between  undulators  with  quadrupoles  and  magnetic  bunchers;  field  and  steering  errors).  Both  self-amplified  spontaneous 
emission  (SASE)  and  external  input  signal  options  can  be  treated.  A  typical  run  for  a  UV  FEL,  several  gain  lengths  long, 
takes  only  1  min  on  a  Pentium  II  personal  computer  (333  MHz),  which  makes  it  possible  to  run  the  code  in  optimization 
loops.  Results  for  the  Advanced  Photon  Source  FEL  project  are  presented.  ©  1999  Elsevier  Science  B.V.  All  rights 
reserved. 

Keywords:  Free-electron  laser;  Simulation 


1.  Introduction 

The  short-wavelength  high-gain  free-electron 
lasers  [1,2]  offer  the  possibility  to  extend  the  free- 
electron  laser  (FEL)  operation  to  the  X-ray  energy 
range.  The  advantage  of  such  a  device  is  that  mir¬ 
rors  are  not  needed  for  the  operation;  however, 
tight  requirements  for  the  quality  of  the  electron 
beam  and  the  undulator  magnetic  fields  are  essen¬ 
tial.  An  electron  beam  with  high  peak  current,  low 
transverse  emittance  and  small  energy  spread  is 
necessary  for  successful  operation.  The  undulator 
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needs  to  be  very  long  (typically  tens  of  meters)  and 
carefully  aligned  with  respect  to  the  magnetic  ele¬ 
ments  and  to  the  beam.  To  aid  in  the  technical 
design,  it  is  useful  to  have  a  fast  and  versatile 
computer  code  that  calculates  the  signal  growth  for 
a  multisectional  undulator  with  breaks  between  the 
sections,  taking  into  account  quadrupoles,  mag¬ 
netic  bunchers,  steering  coils,  undulator  magnetic 
field  errors,  and  beam-steering  errors  at  the  en¬ 
trance. 

However  there  are  few  working  codes,  especially 
in  the  3-D  case.  This  article  describes  a  computer 
code  that  calculates  the  linear  time-independent 
growth  rate  of  radiation  in  a  single  pass  FEL  for 
a  multisegmented  system.  It  was  applied  to  the 
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optimization  of  design  parameters  of  the  FEL  un¬ 
der  construction  at  Argonne  National  Laboratory 
[3,4]. 


2.  Basic  equations 

We  use  a  mathematical  model  based  on  solving 
a  set  of  integral  equations  to  describe  the  process  of 
coherent  radiation  of  the  beam  in  the  undulator 
field  [5].  In  this  model,  the  internal  structure  of  the 
beam  is  represented  by  a  set  of  N  thin  beams  with 
different  initial  conditions  ^(0),  xg(0),  yg(0),  ya(0). 
(The  point  is  used  to  denote  a  derivative  with  re¬ 
spect  to  the  longitudinal  coordinate  z,  and  q  is  the 
number  of  the  beam.)  Using  these  initial  conditions 
we  calculate  the  trajectories  xq(z\  yq(z),  neglecting 
the  influence  of  the  radiation  field.  (We  consider  the 
motion  averaged  over  the  undulator  period.)  Thus, 
one  can  consider  the  motion  of  the  electrons  in  the 
transverse  direction  as  if  they  were  small  beans 
strung  on  a  thin  rigid  wire  (trajectory).  The  prob¬ 
lem  is  therefore  reduced  to  one-dimensional  motion 
along  precalculated  trajectories.  A  planar  undula¬ 
tor  with  a  vertical  magnetic  field  given  by 
B0(z)  sin  [kwz  +  <p(z)]  is  considered.  It  is  convenient 
to  use  the  z  coordinate  as  the  independent  variable, 
the  relative  energy  deviation  A  as  the  canonical 
momentum  (E  =  ymc2(  1  +  A)  is  the  electron  en¬ 
ergy,  m  is  the  mass  of  the  electron  and  c  is  the  speed 
of  light),  and  the  time  delay  r  -  t  —  with  respect 
to  the  equilibrium  unperturbed  particle  time 

IT,  .  1  .  x2+y2Ak2xx2  +  k2y2q 
joL  ly\\  1 

as  the  canonical  coordinate,  where 


beam  obeys  the  Liouville  equation 

0F*  A  0F*  eK{JJ ) 

0z  yf\c  0x  y2mc2 


where  the  electric  field  of  the  radiation  on  the  qth 
beam  is  represented  by  Eqx  =  Aq(z,  t)Qlko(z~ct)  +  com¬ 
plex  conjugate,  In/ko  is  the  wavelength  near  the 
fundamental  harmonic  of  the  undulator  radiation, 
(JJ)  is  the  standard  combination  of  Bessel  func¬ 
tions,  and  e  is  the  charge  of  the  electron. 

In  our  case,  the  radiation  field  may  be  calculated 
in  the  paraxial  approximation.  As  the  relativistic 
electron  emits  in  the  forward  direction,  one  can 
neglect  the  backward  radiation.  This  allows  us  to 
rewrite  the  system  of  N  partial  differential  equa¬ 
tions  as  integral  equations  in  which  the  integration 
is  carried  out  from  the  undulator  entrance  to  the 
current  longitudinal  point  in  z,  like  in  the  Volterra 
equations.  This  feature  allows  us  to  construct 
a  simple  explicit  numerical  algorithm.  The  ob¬ 
tained  equations  are  nonlinear  as  the  radiation  field 
depends  on  the  beam  current,  which  is  derived  from 
integration  of  the  distribution  function.  To  simplify 
the  calculations,  we  consider  only  the  linear  regime 
when  the  distribution  function  can  be  written  as 
a  sum  of  a  time-independent  part  and  a  small 
perturbation.  By  making  a  Fourier  transformation 
and  carrying  out  integration  by  energy,  we  obtain 
the  equations  for  the  beam  current  harmonics 
jl(z)  =  dA  dT  for  a11  N  thin  beams- 

The  final  system  of  2N  equations  can  be  written  as 


yf\  = 


1  +  K2/2’ 


K  = 


eB0 

kwmc2 


is  the  deflection  parameter,  and  k2  and  k2  the  rigid¬ 
ities  of  horizontal  and  vertical  undulator  focusing, 
respectively.  In  these  variables,  the  projection  of  the 
“velocity”  in  the  phase  space  to  the  energy  axis  is 
simply  the  projection  of  the  force  (caused  by  the 
radiation  electric  field)  on  the  particle  velocity.  The 
longitudinal  distribution  function  F\z ,  A,  t)  of  each 


x  e 


i(fe0  +  (co/c)) 


d  z" 

Jo 


/ 


x  K  {JJ)  t'9  dz' 
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A\z')  =  AUz')e~mc)2' 


-iKz"  +  i(k0  +  ((o/c))  dz"'/2yj| 

e  Jo 


i/Co[x,(z') -xp(z")]2  +  [yq(z')-yp(z")f  +  ikr  fB  x2P  +y2p  +k2x2r  +  k2y2P  dz„, 
Xe  2(z'  —  z")  Jo  2 

x  j%,(z")K(z")  (JJ)q- i<p(z,)  dz"  (2) 

where  f%(A,  0)  is  the  harmonic  of  the  initial  distri¬ 
bution  function,  I  is  the  beam  current, 
Aq0o)(z)  =  \-^Aq0{z,  t)eio3i  dt  describes  the  external 

wave  (input  signal),  and  <j)q(x)  =  dA, 

where  Fq0(A)  is  the  unperturbed  distribution  func¬ 
tion. 


3.  Description  of  the  code 

To  solve  the  system  of  integral  equations,  we  use 
a  trapezoidal  estimation  for  the  integrals.  This 
leads  to  the  following  set  of  equations  for  the  dis¬ 
crete  values  of  J(q ,  n )  and  A(q ,  n)  at  z  =  Y,m~=\KmX 
where  h  is  the  step  length, 

n 

A(q,  n)  =  X  E  Gqpnm  ■  J(p,  m)  +  A0(q,  n) 

m  =  1  p 


taneous  emission  case,  which  corresponds  to  the 
situation  of  a  single  particle  moving  into  the  beam 
without  initial  density  fluctuations.  The  output 
intensity  will  be  the  sum  of  the  contributions  from 
the  different  particles  because  we  consider  only  the 
linear  regime  and  the  initial  noise  is  random. 


4.  Results 

The  code  has  been  used  for  optimization  of  the 
UV  FEL  at  Argonne  National  Laboratory.  The 
dashed  curve  in  Fig.  1  shows  the  results  for  a  homo¬ 
geneous  undulator  with  sextupole  focusing.  The 
normalized  growth  rate  is 


F  = 


1  d 


In 


2kwD  dz 
where  D  =  2 


9=  1 


el 


ymc3(l/2  +  K  ) 


m 


It  is  clear  that  after  approximately  two  gain  lengths 
Lg  the  growth  rate  becomes  constant  indicating 
that  only  one  eigenmode  is  prevalent.  The  normal¬ 
ization  was  chosen  such  that  F(oo)  =  1/(2 kwDLs) 
will  be  equal  to  the  scaling  factor  for  this  eigen¬ 
mode,  which  was  calculated  earlier  (see  e.g.,  Refs. 
[2,5,6]).  It  was  seen  from  many  different  runs,  that 
this  steady-state  growth  rate  did  not  depend  on  the 
initial  noise. 


n—  1 

J{q,  n)  =  £  Hqnm  ■  A(q,  m)  +  J0{q,  n)  (3) 

m=  1 

where  A0  and  J0  correspond  to  the  inhomogeneous 
terms  of  Eq.  (2).  To  calculate  J(q ,  n),  we  need  only 
the  preceding  values  of  A(q ,  m)  (1  <  m  <  n).  Thus, 
solving  this  system  becomes  trivial. 

The  magnetic  system  is  described  by  the  follow¬ 
ing  input  parameters:  the  deflection  parameter  K, 
the  phase  cp  of  the  undulator  field,  the  sextupole 
focusing  parameter  along  each  step,  the  optical 
strength  of  the  thin  quadrupole  lens,  and  the  verti¬ 
cal  and  horizontal  angle  deflections  (kicks)  at  the 
entrance  of  each  step. 

We  use  a  unit  monoenergetic  excitation  of  one  of 
the  thin  beams  to  calculate  the  self-amplified  spon- 


Fig.  1.  The  dimensionless  scaling  factor  versus  distance  along 
the  undulator  for  a  homogeneous  undulator  (dashed  curve)  and 
for  an  inhomogeneous  undulator  (solid  curve). 
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The  solid  curve  in  Fig.  1  shows  the  results  for  the 
real  project  with  breaks  and  horizontally  focusing 
quadrupoles  [7].  The  lower  but  nonzero  growth 
rate  in  the  breaks  corresponds  to  the  rudimental 
bunching  that  take  place  there.  The  small  growth 
rate  reduction  in  undulators  in  comparison  with 
the  homogeneous  case  is,  probably,  due  to  beating 
of  beta-functions,  caused  by  the  inhomogeneity  of 
the  focusing. 


5.  Discussion 

According  to  Eq.  (3),  the  calculation  time  is  pro¬ 
portional  to  the  square  of  the  number  of  the  partial 
beams  N  and  to  the  square  of  the  longitudinal 
number  of  steps  n,  which  makes  it  feasible  to  quick¬ 
ly  study  very  long  systems  (a  typical  run  for  the 
APS  UV  FEL  takes  only  one  minute  on  a  333  MHz 
Pentium  II  personal  computer).  Commonly,  it  is 
sufficient  to  use  about  10  steps  per  undulator  and 
three  steps  for  the  breaks  with  the  quadrupole 
inside,  however,  for  simulations  using  magnetic 
field  errors  from  magnetic  measurements  the  num¬ 
ber  of  steps  tends  to  be  larger  -  typically  one  step 
per  period. 

The  typical  number  of  the  partial  beams  for  the 
APS  runs  was  49,  which  proved  to  be  sufficient.  We 
also  found  that  the  results  for  the  APS  project 
parameters  were  insensitive  to  different  initial  dis¬ 
tributions  of  the  partial  beams.  For  shorter 
wavelengths  (X-rays),  when  the  diffraction  is  less 
significant,  the  number  of  partial  beams  needs  to  be 
increased,  and  more  attention  to  the  actual  initial 
beam  distributions  must  be  given.  The  code  was 
used  to  define  tolerances  for  the  undulator  align¬ 
ments  and  to  optimize  the  break  length  and  focus¬ 
ing  strength  for  the  APS  project  [7,8]. 

In  spite  of  the  fact  that  the  general  integral  equa¬ 
tion  [5]  is  nonlinear  and  time-dependent,  the  corre¬ 
sponding  extension  of  this  code  for  nonlinear 
phenomena  seems  unrealistic  because  it  uses  lin¬ 


earity  and  stationarity  in  several  places.  However, 
since  the  major  part  of  the  length  of  a  self-amplified 
spontaneous  emission  (SASE)  FEL  operates  with 
a  small  signal,  the  code  is  a  convenient  design  tool 
to  make  an  optimal  system  for  beam  bunching.  The 
last  section  of  the  superradiant  FEL  has  to  be 
considered  separately  from  both  theoretical  and 
engineering  points  of  view. 

The  angle  distribution  of  the  radiation  intensity 
was  added  recently  but  has  not  yet  been  extensively 
tested.  The  calculation  of  the  spectrum  of  the  radi¬ 
ation  intensity  is  underway  and  will  be  tested  in  the 
near  future. 
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Abstract 

This  report  presents  a  fully  three-dimensional  study  of  the  amplification  process  in  the  self  amplified  spontaneous 
emission  (SASE)  free  electron  laser.  Investigations  are  based  on  the  data  obtained  with  the  three-dimensional,  time- 
dependent  FEL  simulation  code  FAST.  Analysis  of  the  data  shows  that  the  statistical  properties  of  the  radiation  can  be 
described  with  Gaussian  statistics.  In  particular,  fluctuations  of  the  instantaneous  radiation  intensity  at  one  space  point 
follow  the  negative  exponential  law,  while  the  finite-time  integrals  of  the  radiation  intensity  (both  in  space  and  in  time) 
follow  a  gamma-distribution.  Numerical  examples  presented  in  the  paper  correspond  to  the  70  nm  SASE  FEL  under 
construction  at  the  TESLA  test  facility  at  DESY.  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  41.60.Cr;  52.75.Ms;  42.25.Kb 

Keywords:  SASE;  Transverse  coherence;  Amplification  process 


1.  Introduction 

The  process  of  amplification  in  a  self-amplified 
spontaneous  emission  free  electron  laser  (SASE 
FEL)  starts  from  the  shot  noise  in  the  electron 
beam.  Since  the  FEL  amplifier  is  a  narrow  band¬ 
width  device,  it  selects  from  the  shot  noise  and 
begins  to  amplify  only  a  narrow  fraction  of  the 
fluctuation  spectrum.  During  the  amplification 
process  the  longitudinal  coherence  of  the  radiation 
increases  and  the  process  of  formation  of  transverse 
coherence  takes  place.  The  process  of  formation  of 
the  longitudinal  coherence  can  be  studied  in  the 
framework  of  the  one-dimensional  theory,  since  it  is 
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mainly  connected  with  the  slippage  effect.  Reliable 
analytical  and  numerical  methods  allow  a  detailed 
study  of  this  effect  [1].  As  for  the  investigation 
of  transverse  coherence  formation,  there  are  only 
qualitative  predictions  based  on  the  results  of  the 
steady-state  approximation.  Namely,  in  the  linear 
high-gain  limit,  the  radiation  of  the  electron  beam 
in  the  undulator  may  be  represented  as  a  set  of 
modes  having  different  growth  rates.  For  a  suffi¬ 
cient  undulator  length  the  fundamental  mode 
should  survive,  having  the  most  gain.  On  the  other 
hand,  the  saturation  gain  in  an  SASE  FEL  is  lim¬ 
ited  and  one  should  perform  a  quantitative  study  if 
such  a  single-mode  asymptote  is  to  be  realized  in 
a  practical  device.  At  present  there  are  no  reliable 
analytical  approaches  giving  these  quantitative  re¬ 
sults,  and  the  information  on  the  process  of  trans¬ 
verse  coherence  formation  can  be  obtained  only 
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Table  1 

Parameters  of  the  70  nm  SASE  PEL  at  DESY 


Electron  beam 

Energy,  e0 

300  MeV 

Peak  current,  I0 

500  A 

rms  bunch  length,  az 

250  pm 

Normalized  rms  emittance,  e„ 

2n  mm  mrad 

External  /^-function, 

100  cm 

Number  of  bunches  per  train 

7200 

Repetition  rate 

10  Hz 

Undulator 

Type 

Planar 

Length  of  undulator,  Lw 

13  m 

Period,  2W 

2.73  cm 

Peak  magnetic  field,  Hw 

4.97  kGs 

Radiation 

Wavelength,  X 

71.4  nm 

Power  averaged  over  pulse 

300  MW 

Flash  energy 

0.5  mj 

Average  power 

45  W 

with  the  fully  three-dimensional,  time-dependent 
simulation  codes.  Recently,  it  has  been  reported 
that  two  such  codes,  FAST  and  GENESIS,  have 
been  produced  [2,3]. 

In  this  paper  we  present  a  numerical  study  of  the 
process  of  amplification  in  the  SASE  FEL  using  the 
numerical  simulation  code  FAST  [2].  To  be  speci¬ 
fic,  we  present  numerical  examples  for  the  70  nm 
SASE  FEL  under  construction  at  the  TESLA  test 
facility  at  DESY  (see  Table  1)  [4].  The  results 
obtained  are  used  to  plan  experiments  on  the 
characterization  of  the  photon  beam  from  this 
FEL  [5]. 


2.  Results  of  numerical  simulations 

Numerical  simulations  have  been  performed 
with  the  three-dimensional,  time-dependent  FEL 
simulation  code  FAST  [2].  Parameters  of  the  simu¬ 
lations  have  been  chosen  to  achieve  a  simulation 
accuracy  of  about  1%.  The  size  of  the  longitudinal 
slice  is  equal  to  four  radiation  wavelengths.  The 
numbers  of  the  radial  and  azimuthal  divisions  are 
equal  to  16  and  50,  respectively,  and  the  number  of 
azimuthal  modes  for  the  radiation  field  calculations 


has  been  set  to  nine.  The  numerical  simulation  code 
produces  the  matrices  for  the  field  values  in  the 
Fresnel  diffraction  zone.  Typical  output  results  for 
the  instantaneous  power  flux  density  inside  the 
undulator  are  presented  in  Fig.  1.  Using  the  data 
for  the  radiation  field  in  the  near  field,  the  post¬ 
processor  code  can  calculate  the  distributions  of 
the  radiation  intensity  in  the  far  field  (see  Fig.  2). 

The  amplification  process  starts  from  the  shot 
noise.  At  the  beginning  of  the  amplification  process 
there  are  many  transverse  radiation  modes  contri¬ 
buting  to  the  FEL  power.  With  increasing  undula¬ 
tor  length  the  higher  modes  begin  to  contribute  less 
and  the  field  distribution  tends  asymptotically  to 
that  predicted  by  the  steady-state  theory  [6,7]. 

Integration  of  the  radiation  flux  density  across 
the  electron  beam  allows  one  to  obtain  the  time 
structure  of  the  radiation  pulse  (see  Fig.  3).  In  Fig.  4 
we  present  the  corresponding  probability  distribu¬ 
tion  of  the  radiation  power  obtained  from  a  large 
number  of  statistical  runs.  It  is  seen  that  the 
probability  distribution  follows  the  gamma 
distribution 


p(P)  = 


mm  (  P  y-1 
r(M)  v<p>; 


<p> 


exp 


where  F(M)  is  the  gamma  function  of  argument  M. 
The  parameter  of  the  distribution  is  equal  to 
M  =  l/<72,  where  a2  =  <P2  —  <P>2)/<P)2  is  the 
normalized  dispersion  of  the  distribution  of  the 
instantaneous  radiation  power.  In  the  case  under 
study,  the  physical  sense  of  the  parameter  M  is  the 
average  number  of  transverse  radiation  modes. 

Statistical  simulations  allow  us  to  develop 
a  quantitative  description  of  this  transverse  coher¬ 
ence  formation  process  in  terms  of  the  average 
number  of  the  transverse  radiation  modes,  M  (see 
Fig.  5).  With  increasing  undulator  length  the  num¬ 
ber  of  the  transverse  radiation  modes  asymp¬ 
totically  approaches  one.  Analysis  of  this  plot 
shows  that  we  can  expect  almost  full  transverse 
coherence  of  the  radiation  at  the  exit  of  the  70  nm 
SASE  FEL  at  DESY. 

Values  of  practical  interest  are  the  saturation 
length  and  the  saturation  power.  Since  the  tem¬ 
poral  structure  of  the  radiation  is  spiky  (see  Fig.  3), 
it  is  reasonable  to  calculate  the  value  of  the 
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Fig.  2.  Directivity  of  the  instantaneous  radiation  intensity  in  the 
far  field  at  the  undulator  length  of  2  and  8  m  (upper  and  lower 
plot,  respectively). 


Fig.  1.  Distribution  of  the  instantaneous  power  flux  density  in 
the  near  zone  at  the  undulator  length  of  2,  4.5  and  8  m  (upper, 
middle  and  lower  plot,  respectively). 


radiation  power  averaged  over  many  pulses.  In 
Fig.  6  we  present  the  dependency  of  the  averaged 
radiation  power  on  the  undulator  length.  The  cal¬ 
culations  have  been  performed  with  the  nonlinear 
simulation  code  for  negligibly  small  energy  spread. 
It  is  seen  that  with  such  an  optimistic  scenario  one 
can  expect  to  reach  saturation  in  the  70  nm  SASE 
FEL  at  DESY.  Analysis  of  the  plot  in  Fig.  6  also 
allows  one  to  calculate  that  the  value  of  the  “effec¬ 
tive”  shot  noise  power  to  be  used  in  the  steady-state 
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T<fs) 


Fig.  3.  Temporal  structure  of  the  radiation  pulse  at  the  undula- 
tor  length  of  4.5  m. 


Fig.  4.  The  probability  distribution  of  the  instantaneous  radi¬ 
ation  power  at  the  undulator  length  of  4.5  m. 


Fig.  6.  The  dependence  of  the  radiation  power  averaged  over 
the  pulse  length  on  the  undulator  length.  The  dashed  curve 
presents  the  results  of  the  steady-state  simulation  with  an  input 
power  of  10  W. 


saturation  length  and  the  average  saturation  power 
for  the  parameters  of  the  70  nm  SASE  FEL  at 
DESY. 
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Fig.  5.  The  dependence  of  the  number  of  transverse  modes,  M, 
versus  the  undulator  length. 

simulation  code  is  about  10  W.  The  dashed  curve  in 
Fig.  6  presents  the  results  of  the  steady-state  simu¬ 
lations.  It  is  seen  that  the  steady-state  simulations 
give  a  reliable  estimation  for  the  values  of  the 
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Abstract 

In  this  report  we  briefly  describe  the  three-dimensional,  time-dependent  FEL  simulation  code  FAST.  The  equations  of 
motion  of  the  particles  and  Maxwell’s  equations  are  solved  simultaneously  taking  into  account  the  slippage  effect. 
Radiation  fields  are  calculated  using  an  integral  solution  of  Maxwell’s  equations.  A  special  technique  has  been  developed 
for  fast  calculations  of  the  radiation  field,  drastically  reducing  the  required  CPU  time.  As  a  result,  the  developed  code 
allows  one  to  use  a  personal  computer  for  time-dependent  simulations.  The  code  allows  one  to  simulate  the  radiation 
from  the  electron  bunch  of  any  transverse  and  longitudinal  bunch  shape;  to  simulate  simultaneously  an  external  seed 
with  superimposed  noise  in  the  electron  beam;  to  take  into  account  energy  spread  in  the  electron  beam  and  the  space 
charge  fields;  and  to  simulate  a  high-gain,  high-efficiency  FEL  amplifier  with  a  tapered  undulator.  It  is  important  to  note 
that  there  are  no  significant  memory  limitations  in  the  developed  code  and  an  electron  bunch  of  any  length  can  be 
simulated.  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  41.60.Cr;  07.05.T 

Keywords:  FEL  amplifier;  SASE  FEL;  Simulation  code 


1.  Introduction 

Complete  calculation  of  the  parameters  of  an 
FEL  amplifier  can  be  performed  only  with  numer¬ 
ical  simulation  codes.  At  present  there  are  several 
numerical  simulation  codes  calculating  the  amplifi¬ 
cation  process  in  the  FEL  amplifier  using  the 
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steady-state  approximation.  Such  an  approxima¬ 
tion  describes  rather  well  the  case  when  the  FEL 
amplifier  is  seeded  by  monochromatic  external 
radiation  and  when  the  slippage  effect  can  be 
neglected.  Such  a  simplification  allows  one  to  simu¬ 
late  the  electron  beam  with  one  slice  equal  to  the 
radiation  wavelength,  thus  significantly  reducing 
the  requirements  for  computer  resources.  Never¬ 
theless,  the  steady-state  simulations  do  not  provide 
a  correct  result  when  the  slippage  of  the  radiation  is 
comparable  with  the  length  of  the  electron  bunch. 
The  steady-state  code  cannot  be  used  in  principle 
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for  the  simulations  of  the  FEL  amplifier  starting 
from  the  shot  noise  (SASE  FELs),  and  a  complete 
simulation  of  SASE  FELs  can  be  done  only  with 
a  fully  three-dimensional,  time-dependent  simula¬ 
tion  code. 

Recently,  the  development  has  been  reported  of 
one  dimensional,  time-dependent  simulation  codes 
which  revealed  the  possibility  to  perform  detailed 
investigation  of  the  process  of  formation  of  the 
longitudinal  coherence  in  the  SASE  FELs.  Never¬ 
theless,  the  one-dimensional  approximation  omits 
an  essential  effect  of  the  diffraction  of  the  radiation 
giving  only  a  rough  estimate  of  the  SASE  FEL 
parameters.  Complete  simulation  of  the  physical 
process  in  the  SASE  FEL  can  be  done  only  with 
a  three  dimensional,  time-dependent  simulation 
code.  Unfortunately,  the  progress  in  this  field  is 
rather  limited,  and  the  main  reason  for  this  is  due  to 
limited  possibilities  of  the  computers. 

In  this  paper  we  report  on  the  development  of 
a  fast  three  dimensional,  time-dependent  simula¬ 
tion  code  FAST.  The  ideas  implemented  during  the 
construction  of  this  code  allowed  a  significant  re¬ 
duction  of  the  requirements  on  the  computer,  and 
the  simulations  of  actual  devices  can  be  performed 
using  a  conventional  personal  computer. 


2.  General  approach 

Time-dependent  simulations  of  the  FEL  ampli¬ 
fier  should  be  performed  by  simultaneous  solutions 
of  Maxwell’s  equations  and  the  equations  of 
motion  of  the  electrons.  Nevertheless,  the  problem 
formulated  in  such  a  general  form  cannot  be  imple¬ 
mented  in  the  simulation  code  and  some  physical 
approximation  should  be  made.  Here  it  is  reason¬ 
able  to  remember  that  the  free  electron  laser  is 
a  resonance  device  amplifying  the  radiation  within 
a  narrow  bandwidth.  Using  this  resonance  approx¬ 
imation  we  present  the  transverse  beam  current 
density  as  jx{r,  t)  ==  t)  Qxp{ico{z/c  —  f))  +  C.C., 

where  co  corresponds  to  the  resonance  FEL  fre¬ 
quency  and  is  the  slowly  varying  complex 

amplitude.  The  radiation  field  is  also  presented 
in  the  resonance  approximation,  E{r,  t)  = 
E(r,  t)  exp(ictf(z/c  -  t))  +  C.C.  with  the  slowly  vary¬ 
ing  complex  amplitude  E(r,  t).  Using  paraxial  ap¬ 


proximation  one  can  obtain  the  following 
expression  for  E(r ,  t ): 


.co 

E{z,rj_,t)  =  1^2 


d  z! 


z  —  z 


drjy  z\ #x,  t 


xexp 


'ico\r±  -  4I2 
2  c(z  —  z') 


(1) 


The  simulation  code  is  organized  as  follows.  We 
divide  the  electron  beam  in  a  large  number  of 
elementary  volumes.  The  longitudinal  size  of  each 
volume  is  equal  to  (or  a  multiple  of)  the  radiation 
wavelength.  Also,  the  electron  beam  is  divided  into 
a  large  number  of  divisions  in  the  transverse  direc¬ 
tion.  The  FEL  equations  for  the  particle  motion  in 
each  elementary  volume  are  solved  at  each  integra¬ 
tion  step.  Then  the  radiation  fields  are  calculated 
for  each  elementary  volume  using  an  integral  solu¬ 
tion  (1).  At  the  next  integration  step  these  fields  are 
substituted  into  the  FEL  equations,  etc.  As  a  result, 
one  can  trace  the  evolution  of  the  radiation  field 
and  the  particle  distribution  when  the  electron 
beam  passes  the  undulator.  One  can  obtain  from 
the  integrals  (1)  that  the  radiation  field  at  each 
point  is  defined  only  by  the  sources  located  closer 
than  the  slippage  distance  and  it  is  not  necessary  to 
keep  in  the  memory  all  the  current  sources.  The 
procedure  of  the  simulations  begins  from  the  tail 
slice  of  the  electron  bunch  and  the  procedure  of 
integration  is  performed  over  the  whole  undulator 
length.  Then  the  equations  of  motion  for  the  second 
slice  are  integrated  taking  into  account  the  radi¬ 
ation  field  from  the  first  slice,  etc.  As  a  result,  the 
self-consistent  FEL  equations  can  be  integrated  for 
an  electron  bunch  of  any  length.  The  memory  re¬ 
quirements  for  the  code  are  rather  moderate.  Our 
experience  shows  that  a  few  tens  of  megabytes  is 
sufficient  to  simulate  most  practical  devices  with 
sufficient  accuracy. 

The  code  is  realized  in  two  versions:  linear  and 
nonlinear.  The  linear  simulation  code  is  based  on 
solution  of  the  kinetic  equation  describing  the 
evolution  of  the  distribution  function  of  the  elec¬ 
tron  beam,  and  the  nonlinear  simulation  code  uses 
the  traditional  technique  of  macroparticles  for  the 
simulation  of  the  distribution  function  of  the  elec¬ 
tron  beam. 


E.L.  Saldin  et  ah  /  Nuclear  Instruments  and  Methods  in  Physics  Research  A  429  (1999)  233-237 


235 


3.  Self-consistent  equations 

To  be  specific,  in  this  section  we  present  explicit 
formulae  implemented  in  the  code  for  the  sim¬ 
ulation  of  the  FEL  amplifier  with  an  axially  sym¬ 
metric  electron  beam.  The  transverse  distribution 
of  the  beam  current  density  is  assumed  to  be 
Gaussian;  j(r,z)  =  7(z)exp(  —  r2l2<j2)l-sf(2na2)  with 
at  —  -s/snP/y  where  en  is  the  rms  normalized  emit- 
tance,  ft  is  the  focusing  beta  function  and 
y  =  /mec2  is  the  relativistic  factor.  The  electron 
beam  is  divided  into  L  =  lh/kX  slices  in  the  longitu¬ 
dinal  direction  (k  is  an  integer),  in  M  slices  over  the 
azimuthal  angle  </),  and  in  N  divisions  in  the  radial 
direction  (we  use  the  polar  coordinate  system 
(r,  0,  z)  here).  As  a  result,  we  have  Lx  M  xN  ele¬ 
mentary  volumes.  The  self-consistent  equations  for 
the  linear  simulation  code  are  as  follows  [2,3]: 

+  2>C^  +  [A2poc(f,z,t)  -  C2]/>, 


C  =  (2n/2w  -  co/(2cyl))/r  is  the  detuning  para¬ 
meter,  A2  =  A2/r2  =  4 c2(QsGrcoAjj)~2  is  the  space 
charge  parameter,  B  =  2rajco/c  is  the  diffraction 
parameter,  and  the  gain  parameter  r  is 

r  =  UmaxAjjCD2Q2/{2IAc2ylyy\ 1/2  (4) 

where  co  =  2tic/2  is  the  frequency  of  the  radiation 
field  and  IA  =  mec3/e.  The  undulator  is  assumed  to 
be  planar  with  magnetic  field  amplitude  77w  and 
period  2W.  The  undulator  parameter  K,  the  angle  of 
electron  oscillations  0S,  the  longitudinal  relativistic 
factor  yz  and  the  factor  A }J  are  defined  as  follows: 
K  =  eHJJ2Kmec2,  9S  =  K/y,  y\  =  y2/(  1  +  K2/ 2) 
and  Ajj  =  J0(K2/(4  +  2 K2))  -  Jl(K2/(4  +  2 K2)), 
where  J0  and  Jx  are  the  Bessel  functions. 

In  the  nonlinear  simulation  code,  the  electron 
beam  distribution  function  is  simulated  with 
Np  macroparticles  in  each  elementary  volume.  The 
equations  of  motion  for  the  macroparticle  written 
down  in  the  “energy-phase”  variables  are  as  follows 
(for  the  low  efficiency  approximation): 


=  X  exp  (i  n4>)  U("\r,  z,  t)  (2) 


where  b^r,!,  </),  t)  is  the  beam  bunching  in  the  ele¬ 
mentary  volume,  a (r,  z,  t)  =  I(z ,  t)  exp(  -  r2)/Imax 
and  U(rn\z,  r)  is  the  nth  azimuthal  harmonic  of  the 
effective  potential  of  interaction  of  the  particle  with 
the  electromagnetic  radiation 


vf  -  uSKU.o 


+  .-f^ 

J  o*-z, 


xb(?Xz',r',t  -(z  -  z')/c)) 


r'df'a {r\z\t  -  (z  -  zf)/c) 


iB(r2  +  F2)] 

.  2(z  -  z')  ]' 


(3) 


Here  term  U^t(z,r)  corresponds  to  the  external 
electromagnetic  field,  b{i\r, z, t)  are  azimuthal  har¬ 
monics  of  the  beam  bunching  calculated  using  the 
values  of  b^r,  z,  4 \  t)  and  Jn  are  the  Bessel  functions. 

When  writing  down  the  normalized  equations  we 
used  the  following  notations.  The  transverse 
coordinate  is  normalized  as  r  =  r/^la2.  The 
corresponding  reduced  variables  are  as  follows: 
z  =  Fz  is  the  reduced  longitudinal  coordinate, 


d P 
d  z 


=  Re 


2i  ety£  exp  (i  nfyU^Xr,  z) 


+  Uc 


d\l/  ~  ~ 

— v  =  C  +  P 
dz 


(5) 


where  P  =  (S  —  $0)/p$0  is  the  reduced  energy  de¬ 
viation,  xj/  is  the  phase  of  the  macroparticle  within 
the  longitudinal  slice  and  p  =  cy2P/co  is  the  efficien¬ 
cy  parameter.  The  initial  energy  spread  is  simulated 
with  the  additional  distribution  of  the  particles 
according  to  the  Gaussian  law 


dw  =  — ,  -exp 

y/2nA | 


p2  ~ 

2yff 


dP 


where  A\  =  <(A^)2>/(p2^o)  is  the  energy  spread 
parameter.  An  algorithm  for  the  calculation  of  the 
space  charge  contribution,  UCi  can  be  found  in 
Ref.  [3].  The  complex  amplitude  of  the  beam 
bunching  is  calculated  by  averaging  the  macropar¬ 
ticle  ensemble  in  the  elementary  volume, 
bi  =  <exp(ii /rk)>,  and  is  used  for  the  calculations  of 
the  azimuthal  harmonics  of  b(?].  Eqs.  (5)  can  be 
simply  extended  to  the  case  of  a  high  efficiency 
approximation  and  undulator  tapering  [3,4]. 
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Ifl(B) 

Fig.  1.  The  dependence  of  the  maximal  reduced  field  gain 
max  Re{A/r)  on  the  diffraction  parameter  B.  Here 
Al~+0,  Aj  =  0.  Curve  (1):  TEM00  mode,  curve  (2):  TEM10 
mode  and  curve  (3):  TEM01  mode. 

A  complication  for  the  case  of  the  betatron  oscilla¬ 
tions  and  the  undulator  field  errors  to  be  taken  into 
account  is  also  straightforward  [5]. 

Analysis  of  the  integrals  (3)  shows  that  at  the 
chosen  radial  mesh  and  at  a  fixed  integration  step 
A z,  calculations  can  be  simplified  significantly, 
since  there  is  a  finite  set  of  the  combination  of  the 
values  z  —  z',r  and  r'.  The  integrals  over  A z  for  each 
of  the  combinations  are  calculated  only  once  for  the 
“unit”  source  term  iq.  Then  these  data  are  trans¬ 
ferred  into  the  simulation  code  solving  the  self- 
consistent  equations.  Such  a  trick  allows  one  to 
drastically  reduce  the  required  CPU  time  for  the 
field  calculations,  since  at  each  integration  step  the 
computer  calculates  simple  sums  weighted  by 
the  current  sources. 

The  procedure  for  the  solution  of  the  self-consis¬ 
tent  Eq.  (5)  has  been  described  in  the  previous 
section.  The  accuracy  of  the  calculations  is  control¬ 
led  by  changing  the  number  of  the  axial,  radial  and 
azimuthal  divisions,  and  the  number  of  the  azi¬ 
muthal  modes  for  the  calculations  of  the  radiation 
field.  The  criterium  is  that  the  final  result  is  inde¬ 
pendent  of  the  details  of  the  simulations.  Figs.  1  and 
2  present  the  test  results  of  the  simulation  code 
operating  in  a  high  gain,  steady-state  limit.  It  is 
seen  that  there  is  a  good  agreement  between  ana¬ 
lytical  [1]  and  simulation  results.  The  relative  accu¬ 
racy  for  the  calculation  of  the  radiation  field  and 
the  gain  is  about  0.1%. 

At  the  exit  the  simulation  code  produces  the 
matrices  for  the  field  values  in  the  Fresnel  diffrac- 


0  1  2  3 


r 

Fig.  2.  Transverse  distribution  of  the  radiation  field  for 
TEM00>  TEM10  and  TEM0i-  Here  B  =  10,  A\  0  and  A\  =  0. 
Curve  (1):  TEM00,  curve  (2):  TEM10  mode  and  curve  (3):  TEM0i 
mode.  Solid  curves  are  analytical  results  and  the  circles  are  the 
results  of  the  numerical  simulation  code. 


tion  zone.  Then  the  post-processor  programs  are 
used  to  extract  additional  information  for  the  field 
distribution  in  the  far  diffraction  zone,  for  the  spec¬ 
trum,  for  the  time,  space  and  spectral  correlation 
functions,  and  for  the  probability  distributions  of 
the  radiation  power  and  the  radiation  energy  (see, 
e.g.  Ref.  [6]). 


4.  Initial  conditions  for  the  start-up  from  noise 

The  initial  shot  noise  in  the  electron  beam  is 
simulated  according  to  the  algorithm  presented  in 
Ref.  [6].  The  number  of  particles  per  elementary 
volume  Nv  is  large,  so  the  bunching  in  each  box  is 
the  sum  of  a  large  number  of  random  phasors  with 
fixed  amplitudes  and  phases  uniformly  distributed 
on  (0, 2n).  Using  the  central  limit  theorem,  we  can 
conclude  that  the  phases  of  the  bunching  parameters 
are  also  distributed  uniformly  and  the  squared 
moduli  of  amplitudes,  | bx\2,  are  distributed  in  ac¬ 
cordance  with  the  negative  exponential  distribution: 

rti,'|,,-<i»|p>cxp(-ll>)  <6) 

where  [2>  —  l/iVv.  The  distribution  of  the  mod¬ 
ules,  \bxl  is  the  Rayleigh  probability  density  func¬ 
tion.  So,  we  use  the  negative  exponential  random 
generator  setting  1/NV  as  a  mean  value  to  extract 
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the  values  of  |^i|2  for  each  box  and  then  we  extract 
the  square  root  to  find  the  values  of  The  phases 
of  bi  are  produced  by  a  random  generator  of  a  uni¬ 
form  distribution  from  0  to  2 n.  These  values  are 
directly  used  as  input  parameters  for  the  linear 
simulation  code.  In  the  nonlinear  simulation  code 
the  macroparticles  are  distributed  in  such  a  way 
that  the  resulting  bunching  corresponds  to  the 
target  value  of  bx  in  each  elementary  volume. 

5.  Conclusion 

In  conclusion,  we  should  notice  that  the  speed  of 
calculations  is  an  essential  parameter  for  the  FEL 
code  calculating  the  start-up  from  noise.  The  rea¬ 
son  for  this  is  that  the  most  important  character¬ 
istics  of  the  SASE  FEL  (the  spectrum,  time,  space 
and  spectral  correlation  functions  and  the  prob¬ 
ability  distributions  of  the  radiation  power  and 
energy)  can  be  calculated  only  with  statistical  anal¬ 
ysis  of  a  large  number  of  simulation  runs  [6].  For 
instance,  the  number  of  the  simulation  runs  re¬ 
quired  for  the  calculation  of  the  probability  distri¬ 
bution  of  the  radiation  energy  in  the  pulse  is  about 
several  thousands.  The  presented  code  allows  one 
to  calculate  all  the  above-mentioned  statistical 
parameters  of  the  SASE  FEL  within  a  reasonable 
time.  For  instance,  a  typical  simulation  run  with 
the  linear  simulation  code  for  the  parameters  of  the 
UCLA/LANL/RRCKI/SLAC  SASE  FEL  [7] 
takes  about  1  min  on  a  VAX  processor  [8],  This  is 
about  two  orders  of  magnitude  less  than  the  time 
required  by  other  time-dependent  codes  (such  as 


GINGER  or  GENESIS)  to  obtain  the  same  phys¬ 
ical  result  [9,10]. 
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Abstract 

For  single-pass  free-electron  lasers  (FEL),  such  as  amplifiers  and  SASE  devices,  saturation  of  the  radiation  power  has 
to  be  reached  within  the  length  of  the  undulator.  Therefore,  detailed  knowledge  of  electron  beam  parameters  is  crucial.  So 
far,  simulations  have  been  performed  with  a  given  rms  emittance  and  energy  spread.  At  short  radiation  wavelengths, 
bunch  compressors  are  used  to  compress  the  electron  beam  to  achieve  the  desired  high  peak  currents.  In  addition, 
external  focusing  along  the  entire  undulator  is  used  to  maintain  a  constant  small  radius.  The  rotation  of  phase  space  due 
to  compression  might  lead  to  a  significant  part  of  the  bunch  in  tails  that  could  increase  the  gain  length.  Furthermore,  it  is 
in  general  not  possible  to  match  both  the  beam  core  and  the  tail  to  the  focusing  structure.  In  this  contribution,  the 
influence  of  these  tails,  both  transverse  and  in  energy,  on  the  FEL  performance  will  be  investigated.  Simulations  will  be 
performed  for  beam  parameters  that  have  been  assumed  for  the  TESLA  Test  Facility  FEL  at  DESY.  ©  1999  Elsevier 
Science  B.V.  All  rights  reserved. 

Keywords:  Electron  beam  halos;  FEL;  TTF;  SASE  device 


1.  Introduction 

In  many  existing  free  electron  lasers,  radiation 
power  is  amplified  using  a  feedback  system.  In  such 
a  system,  the  most  crucial  constraint  is  that  the  gain 
exceeds  the  sum  of  all  losses.  As  long  as  the  number 
of  passes  needed  to  reach  saturation  is  small  com¬ 
pared  to  the  total  number  of  roundtrips  of  the  field 
inside  the  cavity,  the  exact  value  of  the  single-pass 
gain  is  of  less  importance.  For  a  single-pass  device, 
more  detailed  knowledge  of  all  parameters  reduc¬ 
ing  the  gain  has  to  be  obtained  in  order  to  deter¬ 
mine  the  undulator  length.  In  most  studies  thus  far, 
the  influence  of  beam  emittance  and  energy  spread 
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has  been  investigated.  In  addition,  a  more  exact 
estimate  of  the  shotnoise  power  (in  case  of  a  SASE 
FEL  [1]),  the  influence  of  magnetic  errors  and  any 
misalignment  [2]  has  been  studied  by  several 
authors.  In  all  these  studies,  however,  the  electron 
beam  was  assumed  to  be  either  Gaussian  or  para¬ 
bolic.  This  is  not  necessarily  the  case.  First  simula¬ 
tion  studies  of  the  bunch  compressor  of  the  TESLA 
Test  Facility  [3]  have  shown  that  the  electron 
beam  can  have  either  tails  or  spatially  separated 
distributions,  both  in  any  transverse  plane  and  in 
energy.  In  this  paper,  the  influence  of  two  possible 
distributions  on  the  FEL  performance  is  studied. 
Two  identical  Gaussian  distributions,  spatially  sep¬ 
arated  in  the  x-direction,  are  used.  Only  their  dis¬ 
tance  and  relative  fraction  is  varied.  Independently, 
two  Gaussian  distributions  with  the  same  central 
energy,  but  with  different  rms-width  provide  the 
initial  settings  for  the  studies.  The  fraction  of  the 
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two  distributions  has  been  changed  in  the  same 
manner  as  for  the  transverse  displacement. 


2.  Results 

Simulations  with  GENESIS  1.3  [4]  have  been 
performed  for  the  TTF-FEL  parameters.  This  is 
a  fully  three-dimensional  code,  including  time  de¬ 
pendence.  For  these  simulations,  only  the  time- 
independent  part  has  been  used.  Deviating  from  the 
TTF  parameters  the  FODO-structure  has  been 
changed  to  get  an  almost  constant  ^-function,  with 
the  average  value  equal  to  the  value  resulting  from 
the  real  structure. 

A  first  set  of  simulations  has  been  performed 
assuming  two  identical  Gaussian  distributions,  spa¬ 
tially  separated  by  a  certain  amount  in  the  x-direc- 
tion.  An  example,  with  an  offset  of  250  pm  and 
a  charge  of  70%  in  the  large  Gaussian  and  30%  in 
the  smaller,  is  shown  in  Fig.  1.  A  similar  displace¬ 
ment  in  y,  or  an  initial  kick  in  either  x  or  y- 
direction  would  give  similar  results,  the  latter 
due  to  the  FODO-structure,  which  makes  the  elec¬ 
tron  beam  perform  a  betatron  oscillation  (see 
Table  1). 

Results  are  shown  in  Fig.  2.  The  displacement  in 
x  varies  from  50  to  250  pm,  with  the  center  of  the 
total  beam  always  on  axis,  e.g.  <x>  =  0.  This 
means  that,  depending  on  the  fraction  in  both 


Fig.  1.  Example  of  a  transverse  electron  beam  distribution,  in 
this  case  separated  by  250  pm.  The  smaller  Gaussian  contains 
30%  of  the  charge. 


Table  1 

Undulator  and  optics  parameters  for  the  TTF  FEL  (Phase  I  at 
230  MeV) 


Electron  beam 

Peak  current 

500  A 

Normalized  rms  emittance 

2n  mm  mrad 

rms  energy  spread 

500  keV 

Average  beam  size 

77  pm 

p-parameter 

4  x  10-3 

Undulator 

Period  length 

27.3  mm 

Undulator  peak  field 

0.497  T 

Fig.  2.  Saturation  length  (top  figure)  and  power  (bottom  figure) 
versus  normalized  emittance  for  an  electron  beam  consisting  of  two 
Gaussians  separated  in  the  x-direction  in  the  range  50-250  pm.  The 
fraction  of  electrons  in  one  distribution  varies  from  10%  to  50%, 
keeping  the  total  charge  constant.  The  points  on  the  right  indicate 
the  saturation  length  and  power  for  a  single  Gaussian  beam  with 
a  reduced  current  given  by  the  indicated  fraction. 


distributions  and  on  their  relative  offset,  both  are 
off-axis,  performing  a  betatron  oscillation.  The 
relative  fraction  of  the  smaller  Gaussian  increases 
from  10%  to  50%  if  saturation  is  reached  within 
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Fig.  3.  Saturation  length  versus  normalized  emittance  for  an  electron  beam  consisting  of  two  Gaussians  separated  in  the  x-direction  in 
the  range  50-500  pm.  The  fraction  of  electrons  in  one  distribution  is  20%.  Either  the  largest  fraction  is  put  on  axis  (top  figure)  or  the 
center  of  the  entire  beam,  as  before  (bottom  figure). 


17.5  m.  Especially  for  larger  offsets,  saturation 
is  only  reached  for  smaller  fractions.  The  nor¬ 
malized  emittance  given  in  the  horizontal  scale 


is  calculated  in  the  usual  way,  e.g. 
el  =  <Ax2)<Ax,2>  —  <(Ax  Ax')2).  As  it  can  be 
seen,  independent  of  the  offset  of  the  beams  or  their 
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relative  fraction,  both  power  and  saturation  length 
seem  to  be  related  to  the  emittance  calculated  this 
way.  One  can  also  calculate  the  saturation  power 
and  length  for  an  electron  beam  without  halo,  but 
with  the  same  normalized  emittance  and  the  same 
mismatch  of  the  initial  conditions  (resulting  in  the 
same  beam  envelope  along  the  longitudinal  axis). 
The  results  are  within  a  few  percent  of  the  results 
shown  in  Fig.  2. 

More  important  is,  however,  whether  it  is  benefi¬ 
cial  to  cut  away  part  of  the  electron  beam,  place  the 
remainder  on  axis  and  match  it  to  the  FODO- 
lattice.  Results  are  shown  to  the  right  in  Fig.  2.  The 
reduction  in  current  varies  from  10%  to  30%.  As 
can  be  seen,  within  the  parameter  range  studied,  the 
saturation  length  for  a  given  fraction  in  the  halo 
tends  towards  the  point  where  the  current  has  been 
reduced  by  the  same  amount.  If  one  would  not 
place  the  center  of  the  beam  on  axis,  but  the  largest 
fraction  of  the  beam  (90-50%),  reducing  the  current 
gives  similar  results. 

For  a  fraction  of  20%  in  the  halo,  the  offset  has 
been  extended  to  500  pm.  Results  are  shown  in 
Fig.  3.  In  this  case,  two  different  positions  of  the 
beam  are  studied.  In  the  top  figure,  the  largest 
fraction  of  the  beam  is  put  on  axis.  For  smaller 
offsets,  this  gives  a  slightly  larger  saturation  length 
because  of  the  large  betatron  oscillation  performed 
by  the  off-axis  part.  For  very  large  offsets,  however, 
the  20%  fraction  no  longer  participates  in  the  inter¬ 
action  and  the  saturation  length  and  power  are 
equal  to  the  values  obtained  by  cutting  away  this 
part  of  the  current.  In  the  bottom  figure,  the  satura¬ 
tion  length  is  slightly  shorter  for  small  offsets.  As 
the  offset  increases,  the  saturation  length  increases 
beyond  the  value  obtained  for  a  20%  reduced  cur¬ 
rent,  because  the  large  betatron  oscillation  of  both 
parts  of  the  beam  reduce  the  interaction  with  the 
field.  Therefore,  the  saturation  length  still  increases 
(and  the  power  decreases),  but  at  a  smaller  rate 
than  before. 

The  next  set  of  simulations  shows  the  influence  of 
two  overlapping  Gaussians  in  energy.  Fig.  4  shows 
saturation  power  and  length  for  an  energy  width  of 
the  halo  compared  to  the  core  of  the  beam  from 
2  to  5  times.  In  case  the  halo  has  a  two  times  larger 
energy  width  up  to  50%  halo,  saturation  is  still 
reached  within  the  undulator  length  studied  here. 


Fig.  4.  Saturation  length  (top  figure)  and  power  (bottom  figure) 
versus  effective  energy  spread  for  an  electron  beam  consisting  of 
two  Gaussians  in  energy.  The  core  beam  always  has  the  same 
energy  width,  the  halo  has  a  width  of  up  to  5  times  the  width  of 
the  core  beam.  The  fraction  in  the  two  parts  varies  from  10% 
and  90%  to  50%  in  both.  The  points  on  the  right  indicate  the 
saturation  length  and  power  for  a  single  Gaussian  beam  with 
a  reduced  current  given  by  the  indicated  fraction. 


For  a  larger  width  this  number  decreases  to  30%. 
The  horizontal  scale,  the  effective  energy  spread 
(given  in  MeV),  is  simply  <y2>  —  <y>2,  with  y  the 
Lorentz  factor.  There  is  no  obvious  relation  be¬ 
tween  this  parameter  and  the  gain.  Simulations  of 
a  single  Gaussian  energy  distribution  with  this 
same  width  give  different  results.  As  can  be  seen,  the 
levels  are  almost  constant  for  an  energy  spread  of 
the  halo  exceeding  2err  In  turn,  these  values  are 
almost  identical  to  the  results  with  the  current 
reduced  by  the  same  fraction  as  it  was  in  the  halo. 
This  can  be  understood  as  follows.  The  energy 
spread  of  the  normal  beam  without  halo  is  about 
half  of  the  p-parameter.  The  bucket  in  longitudinal 
phase  space  in  which  the  electrons  are  captured 


VI.  SASE  FELs 


242 


B.  Faatz,  S.  Reiche  /  Nuclear  Instruments  and  Methods  in  Physics  Research  A  429  (1999)  238-242 


have  a  height  of  no  more  than  p,  a  value  which  is 
reached  close  to  saturation.  All  electrons  outside  of 
this  region  will  not  interact  with  the  electron  beam. 
Therefore,  for  a  given  fraction  in  the  halo,  increas¬ 
ing  the  energy  spread  will  not  change  saturation 
power  or  length  if  it  exceeds  p  significantly.  Chang¬ 
ing  the  fraction  will,  however,  reduce  the  gain, 
because  of  a  reduced  part  that  remains  captured 
inside  the  bucket. 


3.  Conclusions 

Simulations  of  halos  have  shown  that  they  can 
strongly  influence  the  performance  of  the  FEL.  For 
transverse  distribution  consisting  of  two  (partly) 
separated  but  otherwise  equal  distributions,  one 
benefits  from  realigning  the  electron  beam  to  get 
the  center  on  axis  and  to  minimize  the  betatron 
oscillations  for  small  offsets.  For  larger  offsets,  the 
large  betatron  oscillation  reduces  the  gain  if  the 


center  is  placed  on  axis.  For  two  overlapping  Gaus- 
sians  in  energy,  both  with  the  same  central  energy 
but  with  different  width,  the  saturation  length  and 
power  cannot  be  changed  significantly.  Cutting 
away  the  halo,  if  this  would  be  possible,  and  thus 
reducing  the  current,  does  not  give  a  better  perfor¬ 
mance  for  the  parameters  studied  here. 
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Abstract 

Numerical  simulation  codes  are  basic  tools  for  designing  Free  Electron  Lasers  (FEL).  They  are  used  to  study  the 
impact  of  different  parameters,  e.g.  wiggler  errors  and  external  focusing,  which  allow  FEL  users  to  optimize  the 
performance.  For  faster  execution  some  simulation  codes  assume  radial  symmetry  or  decompose  the  radiation  field  into 
a  few  azimuthal  modes,  although  then  this  treatment  does  not  include  the  full  description  of  the  FEL.  This  contribution 
describes  the  new  FEL  code  GENESIS  1.3  which  uses  a  fully  three-dimensional  representation  of  the  FEL  equations  in 
the  paraxial  approximation  for  time-dependent  and  steady-state  simulations  of  single-pass  FEL.  In  particular  this 
approach  is  suitable  for  cases  where  the  radial  symmetry  is  broken  by  the  electron  beam  distribution  as  well  as  by  wiggler 
errors,  betatron  motion  and  off  axis  injection  of  the  electron  beam.  The  results,  presented  here,  are  based  on  the 
parameters  of  the  TESLA  Test  Facility  FEL  at  DESY.  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

With  the  design  and  construction  of  Free  Elec¬ 
tron  Lasers  (FEL),  many  codes  have  been  de¬ 
veloped  [1-5]  over  the  years  in  order  to  describe 
the  physics  taking  place  in  different  regimes.  Recent 
research  is  done  in  the  field  of  Self- Amplified  Spon¬ 
taneous  Emission  (SASE)  FEL  [6-8].  To  investi¬ 
gate  the  properties  of  this  radiation  source  as  well 
as  the  extension  of  SASE  FEL’s  wavelength  to  the 
VUV  or  X-ray  regime,  new  codes  or  extensions  of 
established  codes  are  needed.  To  cover  these  as¬ 
pects  and  others  such  as  the  influence  of  wakefields, 
a  time-dependent  code  has  been  developed  called 
GENESIS  1.3. 

The  algorithm  to  solve  the  FEL  equation  in  the 
paraxial  approximation  is  similar  to  TDA3D  [2]. 


*  Tel:  +  49-40-8998-3448;  fax:  +  49-40-8998-4305. 


In  fact  GENESIS  1.3  is  mainly  based  on  TDA3D 
although  major  modifications  have  been  made. 
One  of  the  major  improvement  is  the  replacement 
of  the  radial  mesh  with  a  full  Cartesian  mesh  using 
the  Alternating  Direction  Implicit  (ADI)  integra¬ 
tion  scheme  [9]  to  solve  the  field  equation.  This 
allows  the  user  to  study  non-axi-symmetric  cases 
such  as  undulator  field  errors  or  beam  halos. 

The  basic  idea  of  the  extended  algorithm  for 
time-dependent  simulation  is  to  solve  the  equation 
for  a  given  slice  of  the  electron  bunch  and  a  certain 
integration  length  significantly  smaller  than  the 
gain  length  before  advancing  the  radiation  field  to 
the  next  slice  and  replacing  it  with  the  radiation 
field  of  the  trailing  slices.  This  allows  only  a  frac¬ 
tional  part  of  the  electron  beam  and  radiation  field 
to  be  kept  in  memory. 

The  source  code  of  GENESIS  1.3  is  written  in 
standard  ANSI  Fortran  77  and  can  be  compiled 
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and  linked  with  common  Fortran  compilers  on  any 
platform.  The  two  restrictions  for  a  successful 
execution  are  the  support  of  double  complex 
precision  numbers  and  enough  memory  for  time- 
dependent  simulation.  During  execution  the  code 
will  read  from  or  write  to  files  using  only  standard 
Fortran  formats  such  as  sequential  or  direct  access 
and  formatted  or  unformatted  in-  and  output. 
GENESIS  1.3  does  not  support  any  graphics  as 
output.  For  visualization  of  the  output  data  the 
postprocessor  XGENESIS  can  be  used  running 
under  the  IDL  environment  [10]. 

So  far  the  tests  which  have  been  made  do  not 
show  any  significant  deviation  from  other  well- 
tested  codes  or  analytic  results.  The  CPU  time 
consumption  is  moderate  and  steady-state  simula¬ 
tion,  even  on  Personal  Computers,  will  run  in  the 
range  of  minutes.  For  time-dependent  simulation 
the  CPU  time  scales  linearly  with  the  number  of 
macroparticle  slices. 

To  illustrate  the  application  regime  of  GENESIS 
1.3,  only  few  important  examples  will  be  shown  in 
this  paper.  All  simulations  are  based  on  the  para¬ 
meters  of  the  TESLA  Test  Facility  Free  Electron 
Laser  (TTF-FEL)  which  are  listed  in  Table  1. 


Table  1 

Parameters  of  TTF-FEL  used  for  the  simulations.  If  two  values 
are  given  the  first  one  corresponds  to  Phase  I  of  the  TTF-FEL, 
the  second  to  Phase  II 


Electron  beam 

Energy 

250/1000  MeV 

Energy  spread 

0.5/1. 0  MeV 

Normalized  emittance 

2n  mm  mrad 

Ave.  beam  size 

60/50  pm 

Peak  current 

500/2500  A 

Bunch  length 

250/50  pm 

Undulator 

Number  of  modules 

3/5 

Length  of  modules 

4.5  m 

Period  length 

2.73  cm 

Undulator  peak  field 

0.497  T 

2.  Time-dependent  simulation 

One  of  the  most  important  applications  of  time- 
dependent  codes  is  the  simulation  of  SASE  FELs. 
Following  the  algorithm  described  in  Ref.  [11] 
spontaneous  emission  seeds  the  FEL  amplifier  in¬ 
stead  of  an  external  seeding  field  commonly  used  in 
steady-state  simulations.  As  an  example  a  compact 


t[ps] 


Fig.  1.  Radiation  power  of  TTF-FEL  (Phase  I)  versus  longitudinal  position  in  the  electron  bunch  (horizontal  axis)  and  undulator 
(vertical  axis).  The  radiation  pulse  is  normalized  to  unity  for  all  undulator  positions  to  exclude  the  dominant  exponential  growth  of  the 
radiation  field. 
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Fig.  2.  FEL  radiation  of  TTF-FEL  (Phase  II)  including  energy  losses  of  the  electron  beam  due  to  wakefields  (dashed  line).  The  power  of 
the  radiation  pulse  is  significantly  decreased  in  comparison  to  the  FEL  radiation  excluding  the  effect  of  wakefields  (solid  line).  Both 
simulations  used  the  same  set  of  parameters  such  as  the  same  longitudinal  beam  current  profile  (dotted  line)  and  same  seeding  field. 


Fig.  3.  Radiation  power  versus  undulator  position  including  (dashed  line)  and  excluding  (solid  line)  wakefields. 


representation  of  the  result  for  a  single  run  is  shown 
in  Fig.  1  using  the  parameters  of  the  TTF-FEL 
Phase  1  (see  Table  1).  For  each  longitudinal  posi¬ 
tion  in  the  undulator  (vertical  axis)  the  radiation 


pulse  (horizontal  axis)  is  normalized  in  such  a  way 
that  the  maximum  always  has  the  same  value.  In 
this  way  the  structure  of  the  pulse  is  clearly  visible 
for  any  position  in  the  undulator.  Otherwise  the 
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Fig.  4.  Intensity  of  radiation  field  for  FEL  simulation  including  magnetic  field  errors.  The  data  shows  a  typical  case  where  the  electron 
beam  is  kicked  towards  one  direction  in  the  horizontal  plane  (upper  plot)  and  bent  back  towards  the  undulator  axis  (lower  plot). 


exponential  growth  of  the  SASE  FEL  amplification 
process  will  dominate.  It  is  seen  that  the  number 
of  spikes  is  decreasing  along  the  undulator  and 
the  contrast  is  enhanced.  Both  effects  arise 
due  to  growing  longitudinal  and  transverse  coher- 


To  demonstrate  another  application  regime  for 
time-dependent  simulation,  the  influence  of  wake- 
fields  on  the  performance  of  the  TTF-FEL  is  inves¬ 
tigated.  This  is  of  particular  concern  for  Phase  II 
with  its  short  rms  bunch  length  of  50  pm.  The 
geometric  and  electromagnetic  properties  of  the 
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Fig.  5.  Radiation  power  versus  undulator  position  for  the  TTF-FEL  (Phase  I)  including  magnetic  field  errors  (dashed  line).  For  the 
calculation  400  independent  runs  are  averaged  with  a  relative  rms  field  error  of  0.3%.  The  undisturbed  FEL  performance  is  shown  by 
the  solid  line. 


beam  pipe  provide  three  major  sources  for  wake- 
fields:  conductivity,  surface  roughness  and  geomet¬ 
ric  changes  of  the  beam  pipe  along  the  undulator. 
For  the  parameters  of  the  TTF-FEL  all  three  wake 
potentials  have  nearly  the  same  amplitude  but  dif¬ 
ferent  shapes  [12].  For  a  time-dependent  simula¬ 
tion  covering  a  length  of  about  100  pm  around  the 
peak  current,  the  gradient  of  the  total  wake  poten¬ 
tial  varies  between  —  100  and  30  keV/m. 

Because  most  electrons  are  shifted  away  from  the 
FEL  resonant  condition  due  to  the  Wakefields,  the 
total  gain  is  significantly  reduced.  For  a  position 
close  to  saturation  the  radiation  pulse  is  plotted  in 
Fig.  2.  In  contrast  to  the  undisturbed  FEL  perfor¬ 
mance  the  maximum  of  the  radiation  pulse  is  trail¬ 
ing  behind  the  maximum  of  the  beam  current 
distribution.  The  reason  is  that  slippage  of  the 
radiation  field  has  less  influence  than  the  detuning 
of  the  electron  beam  which  is  stronger  in  the  front 
part  of  the  electron  beam. 

In  Fig.  3  the  radiation  power  with  and  without 
wakefields  taken  into  account  is  plotted  as  a  func¬ 
tion  of  the  longitudinal  position  in  the  undulator.  It 
is  seen  that  the  power  reduction  due  to  wakefields  is 
larger  in  the  last  part  of  the  undulator  due  to  the 


accumulated  energy  losses  of  the  electron  beam. 
The  saturation  length  remains  nearly  unchanged 
and  is  reached  in  this  case  when  most  of  the  beam  is 
completely  detuned. 

3.  Non-axi-symmetric  simulation 

As  an  example  of  broken  axi-symmetry  the  case 
of  undulator  field  errors  for  the  TTF-FEL  (Phase  I) 
is  simulated  [13]. 

For  a  relative  rms  error  of  0.3%  for  the  field 
errors  the  radiation  distribution  at  two  positions 
within  the  undulator  is  presented  in  Fig.  4.  At  these 
positions  the  electron  beam  centroid  was  deflected 
from  the  undulator  axis  and  bent  backwards  due  to 
strong  focusing.  The  radiation  field,  unable  to  fol¬ 
low  the  rapid  motion  of  the  electron  beam,  becomes 
distorted.  The  steeper  edges  of  the  radiation  field 
distribution  induce  a  larger  diffraction  in  addition 
to  a  reduced  gain  guiding  because  the  electron 
beam  position  has  changed  transversely.  The  lower 
plot  of  Fig.  4  shows  such  a  large  diffracted  part  of 
the  radiation  field. 

The  FEL  gain  is  also  reduced  by  other  effects 
such  as  loss  of  the  synchronization  condition  of  the 
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electron  beam  and  radiation  field.  For  this  case  the 
coherent  transverse  kick  reduces  the  longitudinal 
velocity  of  the  electron  beam.  The  average  power 
gain  versus  longitudinal  position  in  the  undulator 
is  shown  in  Fig.  5  with  a  saturation  power  reduced 
by  nearly  3  orders  of  magnitudes  relative  to  the 
undisturbed  motion  of  the  electron  beam. 


4.  Conclusion 

Although  several  FEL  codes  already  exist,  there 
is  an  increasing  demand  to  cover  new  aspects  of 
FEL  performance  in  order  to  keep  up  with  the 
advance  research.  GENESIS  1.3  contains  several 
new  features  and  allows  the  user  to  describe  the 
problem  in  a  more  flexible  manner.  Even  for  cases 
which  are  not  covered  by  the  standard  features  of 
GENESIS  1.3,  the  user  has  the  option  to  modify 
the  source  code  for  his  own  purposes,  because 
GENESIS  1.3  is  distributed  free.  Thus  GENESIS 
1.3  provides  a  new  and  useful  tool  for  FEL-physics. 
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Abstract 

A  first  design  study  report  has  recently  been  completed  (The  LCLS  Design  Study  Group,  LCLS  Design  Study  Report, 
April  1998,  SLAC-R-521)  for  the  linac  coherent  light  source  (LCLS),  a  proposal  to  build  an  X-ray  free  electron  laser 
(FEL)  at  the  Stanford  Linear  Accelerator  Center  (SLAC)  as  a  single  pass  self-amplified  spontaneous  emission  (SASE) 
amplifier.  The  proposal  includes  the  use  of  a  very  low  emittance  electron  beam  accelerated  up  to  15  GeV  by  the  last  third 
of  the  SLAC  linac  to  produce  sub-picosecond  X-ray  pulses  with  high  brightness  and  full  transverse  coherence  in  a  112-m 
long  undulator.  Many  aspects  of  the  FEL  design  have  been  analyzed  with  FEL  simulation  codes.  The  paper  discusses 
some  of  the  results  of  these  aspects,  i.e.  temporal  X-ray  pulse  structure  and  power  spectrum,  trajectory  errors  and  effects 
of  undulator  beam  tube  wakefields.  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

The  Stanford  Linear  Accelerator  Center  (SLAC) 
and  collaborating  institutions  are  proposing  to 
build  the  linac  coherent  light  source  (LCLS),  a  free 
electron  laser  (FEL)  facility  operating  in  the 
wavelength  range  1.5-15  A.  Since  optical  cavities 
are  not  available  for  the  wavelength  range  of  inter¬ 
est,  due  to  the  lack  of  good  reflecting  surfaces  to 
form  the  optical  cavity  mirrors,  the  LCLS  is  based 
on  the  process  of  self-amplified  spontaneous  emis¬ 
sion  (SASE)  [2].  No  mirrors  are  used.  Lasing  is 
achieved  in  a  single  pass  of  an  electron  bunch 
through  a  long  undulator.  The  basic  parameter  set 
for  the  proposed  LCLS  FEL  is  displayed  in  Table  1 
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for  the  short  wavelength  limit.  The  design  of  the 
LCLS  is  based  on  a  hybrid  permanent  magnet 
undulator  that  comprises  52  segments  each  1.92  m 
long  separated  by  24  cm  long  gaps.  The  total  length 
of  the  segments  is  99.84  m  or  3328  undulator  peri¬ 
ods.  Between  the  segments  are  electron  beam  posi¬ 
tion  monitors  and  permanent  magnet  quadrupole 
magnets  for  focusing  and  trajectory  control.  The 
discussion  in  this  paper  is  focused  on  the  short 
wavelength  limit  of  the  LCLS  proposed  opera¬ 
tional  range. 


2.  Time  dependent  simulation  results 
from  GINGER 

The  analysis  of  startup  from  noise,  saturation,  as 
well  as  the  temporal  and  spectral  structure  of  the 
radiation  pulse  for  the  LCLS  design  uses  the  2D, 
time-dependent  simulation  code  GINGER  [3,4], 


0168-9002/99/$ -see  front  matter  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 
PII:  S0168-9002(99)001  1  6-3 


VI.  SASE  FELs 


250 


H.-D.  Nuhn  j  Nuclear  Instruments  and  Methods  in  Physics  Research  A  429  (1999)  249-256 


Table  1 

Basic  LCLS  FEL  Parameters 


Radiation  wavelength  ),t 

o 

1.5  A 

Undulator  period  2U 

3  cm 

Peak  magnetic  field 

1.32  T 

aw 

2.62 

Electron  energy 

14.35  GeV 

Norm,  electron  beam  emittance 

1.5  mm  mrad 

Peak  current 

3400  A 

RMS  bunch  length 

20  pm 

Uncorrelated  energy  spread 

2.0  xlO"4 

FEL  parameter  (ID) 

4.7  xlO"4 

Rayleigh  length 

40  m 

Power  gain  length  LG 

5.8  m 

Error  free  saturation  length 

94  m 

which  models  the  interaction  of  the  3D  motion  of 
the  electron  beam  with  an  axisymmetric,  multi¬ 
frequency  radiation  field.  SASE  startup  from  shot 
noise  is  modeled  by  adding  random  fluctuations  to 
the  macro-particles’  longitudinal  and  transverse  co¬ 
ordinates  [5].  Segment  separations  or  lumped  fo¬ 
cusing  are  not  implemented  in  GINGER.  It  has 
been  shown  that  for  the  LCLS,  and  particularly  at 
the  short  wavelength  limit,  they  have  little  effect  on 
output  power  and  on  the  amount  of  magnet  mater¬ 
ial  needed  [6,7].  Output  power  increase  will,  of 
course,  pause  between  segments.  Figures  that  de¬ 
pend  on  the  longitudinal  coordinate,  z,  would  show 
the  effect. 

Fig.  1  shows  the  development  of  the  pulse  aver¬ 
aged  peak  power  for  the  error-free  LCLS  undula- 
tor.  Exponential  growth  starts  after  roughly 
15  m.  Saturation  occurs  before  the  end  of  the 
undulator. 

In  order  to  reduce  the  simulation  time  for  the 
analysis,  GINGER  is  run  in  a  mode  in  which  both 
the  longitudinal  electron  beam  distribution  and  the 
radiation  field  are  assumed  to  be  periodic,  with 
a  period  much  larger  than  the  total  slippage  length. 
The  simulation  is  only  done  for  one  periodicity 
window.  Electron  beam  slices  that  slip  outside  the 
window  on  one  side  will  enter  it  again  on  the  other 
side.  The  use  of  periodic  boundary  conditions  is 
not  believed  to  lead  to  significant,  unphysical 
effects.  Periodic  boundary  conditions  cannot  be 
used  to  study  the  effect  of  correlated  energy 


spread  and  bunch  emittance  or  electron  bunch  end 
effects. 

Fig.  2  shows  the  time  structure  of  the  radiation 
field  for  a  periodicity  window  of  12  fs  at  the  end  of 
a  100  m  long  undulator.  The  optical  pulse  is  com¬ 
posed  of  a  number  of  superradiant  spikes  spaced  at 
a  distance  related  to  the  cooperation  length 
2nLc  =  4nLGXr/Xu  =  1.2  fs  x  c  as  predicted  from 
ID  theory  [8]. 

Fig.  3  shows  the  normalized  intensity  of  the  radi¬ 
ation  pulse  along  the  window  (abscissa)  as  function 
of  the  windows  position  within  the  undulator  (ordi¬ 
nate).  After  the  initial  random  distribution  in  the 
lethargy  regime,  and  until  saturation,  a  super¬ 
radiant  spike  structure  forms  with  a  group  velocity 
different  from  the  phase  velocity  of  the  radiation. 
The  window  position  is  coupled  to  the  phase  of  the 
radiation.  The  group  velocity  of  the  spikes  was 
derived  in  Ref.  [8]  to  be  vs  =  3i?u/2  +  v^/c.  Using 
V\\  =  c(  1  -  XJK)  for  the  average  longitudinal 
speed  of  the  electron  beam  and  the  fact  that  2U 
the  spike  velocity  vs  is  thus  predicted  to 
vs  =  c(l  —  §  x  /Lr/lu)  or  1  —  vjc  =  §  x  2r/2u  = 
0.33  x  10" 10,  i.e.,  in  the  exponential  gain  regime 
spikes  fall  behind  the  radiation  field  by  ix2r 
every  undulator  period  or  they  move  ahead  of 
the  electron  beam  by  §  x  Xr  during  the  same 
time.  The  simulation  predicts  a  value  of 
1  -  vjc  «  0.3  x  10~10,  slightly  smaller  than  the 
prediction  of  the  ID  theory. 

The  analysis  of  beam  transport  from  the  gun  to 
the  undulator  through  linac  and  bunch  compressors 
predicts  that  a  correlation  between  the  average  en¬ 
ergy  and  the  transverse  position  of  a  slice  of  the 
bunch  and  its  longitudinal  position  within  the  bunch 
is  to  be  expected.  At  the  entrance  to  the  undulator, 
the  electron  bunch  is  expected  to  be  homogeneous  in 
intensity  over  most  of  its  core  longitudinal  position 
(see  Ref.  [1],  p.  7-10).  Over  the  same  range,  the 
average  value  of  the  energy  distribution  follows 
a  slowly  varying  function  (covering  an  rms  width  of 
0.1%)  while  the  width  of  the  distribution  stays 
roughly  constant  (Aycorr  <  0.02%).  At  both  ends  of 
the  bunch  is  a  strong  increase  in  energy  spread, 
which  will  suppress  the  production  of  micro-bunch¬ 
ing  and  radiation  enhancement.  The  energy  correla¬ 
tion  will  widen  the  spectral  distribution  of  the  total 
radiation  pulse  to  about  2Aycorr  «  0.02%). 
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Fig.  4  shows  the  predicted  spectrum  after  satura¬ 
tion  for  a  slice  from  the  center  region  of  the  radi¬ 
ation  pulse.  The  pOower  is  binned  into  wavelengths 
intervals  of  0.0003  A.  Besides  the  main  spectral  line, 
two  other  peaks  at  slightly  longer  wavelength  and 
lower  power  level  are  visible. 

Fig.  5  shows  how  the  bandwidth  of  the  radiation 
decreases  until  saturation  is  reached.  At  saturation 
the  rms  bandwidth  is  about  l/JVsat  «  0.003  as  pre¬ 
dicted  in  Ref.  [9]. 


3.  Trajectory  analysis 

Deviations  of  the  electron  trajectory  from  the 
ideal  straight  line  inside  the  undulator  can  be 
caused  by  on-axis  magnetic  field  errors,  quadrupole 
misalignments  and  the  limited  precision  of  beam 
position  detection  and  correction.  Trajectory  errors 
can  become  a  major  source  of  gain  reduction  if  they 
are  not  kept  small.  The  quadrupoles  along  the 
LCLS  undulator  are  made  from  permanent  magnet 
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Fig.  2.  Predicted  temporal  structure  of  a  typical  LCLS  X-ray  pulse  after  saturation. 


material  and  are  transversely  movable  to  correct 
the  trajectory  in  both  the  horizontal  and  vertical 
planes.  Thus,  the  calibration  and  resolution  of 
the  beam  position  monitor  system,  not  the 
quadrupole  alignment,  is  the  primary  source 
for  orbit  errors.  The  choice  of  high-resolution 
cavity  BPMs  and  the  development  of  a  beam- 
based-alignment  procedure  [10]  for  BPM 
calibration  allow  to  produce  trajectories  close  to 
the  ideal  case.  What  remains  is  the  random  walk 
trajectory  between  two  beam  position  monitors 
caused  by  magnetic  field  errors  from  imperfections 


Fig.  3.  Prediction  of  the  development  of  the  temporal  structure 
of  a  typical  LCLS  X-ray  pulse  along  the  undulator.  A  short 
periodicity  window  is  used  for  clarity. 
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Fig.  4.  LCLS  spectrum  of  a  longitudinal  pulse  slice  of  a  typical  X-ray  pulse  around  saturation. 


of  the  128  undulator  poles  that  lie  between  two 
LCLS  BPM/corrector  pairs  and  from  external 
fields.  Shimming  in  combination  with  sophisticated 
field  error  measurement  methods,  such  as  the 
stretched  wire  technique,  can  be  used  to  reduce  the 
random  walk  trajectory  to  a  very  high  degree.  Ex¬ 
tensive  FEL  simulations  have  been  used  to  deter¬ 
mine  the  degree  of  field  and  trajectory  errors  that 
can  be  allowed  before  an  increase  in  saturation 
length  occurs. 

A  quantity  that  is  of  interest  for  undulator  de¬ 
signers  is  the  rms  deviation  of  the  on-axis  magnetic 


field  from  the  ideal  case.  This  quantity  can  be  used 
as  input  to  the  monochromatic  3D  simulation 
code,  FRED3D  [11].  The  specific  LCLS  undulator 
field  will  cause  one  particular  random-walk  traject¬ 
ory,  which  can  only  be  known  after  the  undulator  is 
built.  The  simulations  use  randomly  generated 
Gaussian  error  distributions  with  specified  rms 
values,  truncated  to  3  sigma. 

Fig.  6  shows  the  distribution  of  maximum  ran¬ 
dom  walk  amplitudes  that  can  be  generated  by 
a  given  rms  magnetic  field  error,  assuming  that 
correction  occurs  every  2.16  m.  The  distribution 
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Fig.  5.  Width  of  the  power  spectrum  of  a  longitudinal  slice  of 
the  radiation  pulse  vs.  Z. 
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Fig.  6.  Distributions  of  the  maximum  random  walk  amplitude 
per  rms  magnetic  field  error  for  a  perfectly  steered  LCLS  orbit. 
Parameters  are  y  =  28077,  </?>  =  18  m/rad,  Azcorr  =  2.16  m. 

peaks  below  3  pm/0.1%  rms  error  amplitude.  Simu¬ 
lations  show  that  up  to  rms  errors  of  0.1%  trajecto¬ 
ries  at  or  below  the  peak  of  the  distribution,  i.e. 
maximum  trajectory  deviations  below  3  pm,  will 
not  increase  saturation  length. 
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4.  Wall  roughness  and  resistive  wall  impedance 

When  the  electron  beam  moves  through  the  un- 
dulator  it  will  excite  longitudinal  and  transverse 


wakefields  due  to  the  resistance  and  the  discontinu¬ 
ities  of  the  beam  tube  wall.  The  forces  due  to  the 
wakefields  are  correlated  with  longitudinal  posi¬ 
tion,  zu  within  the  bunch.  For  a  longitudinal  bunch 
slice  of  length  dz,  the  longitudinal  wakefield  will 
generate  a  change  in  energy,  dy,  at  a  rate  dy/dz.  If 
the  average  beam  tube  properties  do  not  depend  on 
the  position  within  the  undulator,  a  slice’s  average 
energy  will  linearly  increase  or  decrease  as  it  moves 
along  the  undulator,  depending  on  its  position 
within  the  bunch.  The  transverse  electron  distribu¬ 
tion  within  a  slice  is  not  affected. 

If  the  rate  at  which  the  slices’  energy  change 
occurs  becomes  too  large,  FEL  dynamics  will  be 
negatively  effected  due  to  de-trapping.  Only  the 
average  energy  change  from  this  effect  can  be  cor¬ 
rected  by  tapering.  To  ensure  FEL  gain,  tolerances 
for  wall  roughness  and  wall  resistance  need  to  be 
established. 

In  order  to  simulate  the  effect  with  the  GINGER 
code,  a  position-dependent  energy  loss  term 
dy  wake/ dz(z  \ )  =  a  sm(2nzjb)  was  added  to  the  FEL 
equations  by  the  author  of  GINGER  [12].  The 
parameter  b  specifies  the  periodicity  window  width, 
Zi  is  the  relative  position  of  a  slice  within  the 
window,  and  the  amplitude  parameter,  a,  is  varied 
during  the  study. 

Fig.  7  shows  the  result  of  a  typical  run  with  the 
parameter  values  a  =  0.5  m~ 1  and  b  —  18.56  fs.  The 
ordinate  shows  the  slices’  peak  power  change  in 
units  of  watts  over  the  length  of  the  undulator, 
while  the  abscissa  indicates  the  temporal  position 
of  the  electron  and  photon  beam  slices  relative  to 
the  beginning  of  the  window  at  the  entrance  to  the 
undulator.  Note  that  the  electron  slices  fall  behind 
(i.e.  move  to  the  right  hand  side  in  the  graph)  by 
1.668  fs  with  respect  to  the  photon  slices  during 
propagation  through  the  undulator,  due  to  slip¬ 
page.  The  gain  of  the  radiation  spikes  is  reduced 
when  the  energy  loss,  Ay,  grows  outside  of  the  range 
—  30  <  Ay  <  20.  For  the  example  shown  in  the 
figure,  the  final  reduction  in  peak  power  is  about 
one  order  of  magnitude  at  bunch  locations  at  which 
the  energy  loss  Ay  is  above  this  range.  The  reduc¬ 
tion  is  less  at  bunch  locations  where  slices  gain 
energy,  due  to  compensation  of  the  electrons’  en¬ 
ergy  loss  from  radiation.  A  significant  increase  in 
output  power  occurs  at  the  position  where  the 
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Fig.  7.  Effect  of  beam  tube  Wakefields  on  the  temporal  structure  of  the  LCLS  optical  beam.  The  sinusoidal  function  corresponds  to 
energy  loss  of  the  electron  beam  the  other  function  to  energy  gain  of  the  radiation  field. 


combination  of  energy  increase  from  wakefields 
and  the  slippage  work  together  to  keep  the  slice  in 
resonance  with  the  ponderomotive  potential.  For 
those  spikes,  growth  continues. 

The  tolerance  for  the  total  rms  energy  change 
relative  to  the  average  bunch  energy  for  a  given 
bunch  has  been  set  to  0.001  for  the  LCLS,  which 
corresponds  to  a  Ay  of  28.  At  the  present  design 
only  a  part  of  the  bunch  is  expected  to  satisfy  this 
tight  tolerance  even  with  the  wall  roughness  toler¬ 
ance  as  low  as  100  nm. 
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Abstract 

Experiments  have  been  carried  out  at  laser  intensities  of  the  order  of  108  W/m2  using  a  cw  argon  laser  and  tungsten 
needles  with  roughly  1-pm  tip  radius  operated  at  voltages  up  to  50  kV.  The  results  show  a  nonlinear  dependence  of  the 
photocurrent  on  the  laser  intensity  and  a  strong  dependence  of  the  photocurrent  on  the  electric  field.  Comparison  with 
theoretical  calculations  based  on  the  Fowler-Nordheim  tunneling  theory  of  field  emission  indicates  that  the  photoexcited 
electrons  rapidly  relax  to  energy  levels  just  above  the  Fermi  level,  from  which  they  tunnel  out.  ©  1999  Elsevier  Science 
B.V.  All  rights  reserved. 

Keywords:  Electron  beam;  Field  emission;  Photo-field  emission 


1.  Introduction 

The  emission  of  electrons  from  the  surfaces  of 
metals  in  vacuum  occurs  via  three  mechanisms.  In 
thermionic  emission  the  electrons  accumulate  suffi¬ 
cient  thermal  energy  to  pass  over  the  classical  bar¬ 
rier  presented  by  the  work  function  of  the  metal, 
which  is  reduced  by  the  Schottky  effect  when  the 
field  is  sufficiently  strong.  In  photoelectric  emission 
the  electrons  receive  enough  energy  from  the 
photon  to  pass  over  the  barrier  at  the  surface  of  the 
metal.  In  field  emission  the  electrons  tunnel  out 
through  the  barrier  when  it  is  thinned  by  a  strong 
electric  field.  To  have  a  barrier  thin  enough  for 
significant  tunneling  to  occur,  the  electric  field  at 
the  surface  must  be  of  the  order  of  109  V/m,  which 
can  be  achieved  near  the  tips  of  sharp  needles  even 
for  modest  voltages. 
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Field  emission  was  first  observed  around  the 
turn  of  the  century,  before  tunneling  was  under¬ 
stood.  A  correct  (quantum-mechanical)  description 
of  the  phenomenon  was  proposed  by  Fowler  and 
Nordheim  in  1929.  According  to  this  model,  the 
electrons  in  the  metal  possess  a  Fermi-Dirac  en¬ 
ergy  distribution,  which  at  low  temperature  cuts 
off  sharply  at  the  Fermi  energy.  Electrons  near 
the  top  of  the  occupied  levels  tunnel  through 
the  barrier  and  account  for  the  predicted  current 
density  [1] 


y  q2  E2 
J‘  =  l6^eXP 


4x/2 mq  <pW  „  ' 
3  h  E  JKy> 


(1) 


where  m  is  the  electron  mass,  q  the  elementary 
charge,  h  the  Planck’s  constant,  </>w  the  work  func¬ 
tion,  E  the  electric  field,  and 


(2) 
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in  which  e0  is  the  permittivity  of  free  space.  The 
function  / (y)  is  a  dimensionless  elliptical  function 
introduced  to  account  for  the  image  forces  near 
the  surface,  and  is  actually  closely  approximated 
by  f(y)  «  cos(7iy/2).  Formula  (1),  known  as  the 
Fowler-Nordheim  equation,  predicts  a  strong  de¬ 
pendence  of  the  current  density  on  the  electric  field. 
Experimental  results  confirm  the  theoretical  pre¬ 
dictions  in  remarkable  detail.  The  current  density 
has  been  observed  to  follow  the  Fowler-Nordheim 
relation  over  more  than  six  orders  of  magnitude,  up 
to  a  current  density  of  1011  A/m2  [2].  Above  this 
value,  space-charge  effects  reduce  the  field  at  the 
surface.  The  longitudinal  energy  distribution  has 
been  carefully  measured,  and  confirms  both  the 
predicted  shape  and  the  predicted  width  of  about 
1  eV  [3]. 

At  elevated  needle  temperatures  the  emission  in¬ 
creases  due  to  faster  tunneling  by  electrons  ther¬ 
mally  excited  to  higher  energy  [4].  The  current 
density  is  computed  from  the  integral 

rEF  +  <f>  w 

Je=  I  d  EfT(E)P(E)  (3) 

where  fT(E)  is  the  Fermi-Dirac  density  of  electrons 
in  an  infinitely  deep,  three-dimensional  rectangular 
potential  well  at  the  energy  E  and  temperature  T. 
P(E)  is  the  tunneling  probability  for  an  electron  at 
the  energy  E  [5].  This  simple  model  is  in  excellent 
agreement  with  previous  experimental  results,  in¬ 
cluding  the  distribution  of  electron  energy  in  beams 
emitted  from  needles  at  elevated  temperatures  [6]. 
The  voltage  dependence  of  thermionic  emission  is 
much  weaker  than  that  of  field  emission,  so  at 
sufficiently  high  temperature  and  low  electric  field 
the  emission  changes  from  field  emission  to  thermi¬ 
onic  emission. 

Shining  a  laser  on  the  tip  of  a  needle  turns  on 
field  emission  at  surface  electric  fields  well  below 
those  otherwise  required  for  significant  emission.  In 
experiments  conducted  at  low  laser  intensities, 
most  of  the  attention  has  been  directed  at  the  emis¬ 
sion  of  electrons  at  energies  hco  above  the  Fermi 
energy,  where  hco  is  the  photon  energy.  For  laser 
intensities  below  about  108  W/m2  the  emission  is 
observed  to  be  linear  in  the  laser  intensity,  with 
a  quantum  efficiency  of  the  order  of  10“ 6  for  the 


emission  of  electrons  at  the  photoexcited  energy 

[7] .  In  more  recent  experiments  using  higher-laser 
intensities,  the  attention  has  been  focused  on  the 
total  photocurrent.  At  laser  intensities  of  the  order 
of  1010-1014  W/m2,  the  quantum  efficiency  is  ob¬ 
served  to  be  of  the  order  of  unity,  with  only  a  weak 
dependence  on  the  surface  electric  field  and  the 
laser  wavelength  [8,9].  The  largest  total  current 
that  has  been  observed  so  far  is  2  A,  extracted  in 
nanosecond  pulses  from  needles  with  a  tip  radius  of 
50  nm  [8].  The  corresponding  current  density  is 
1014  A/m2  which  is  near  the  space-charge  limit  for 
a  needle  of  this  size.  The  current  pulse  was  observed 
to  follow  the  laser  pulse.  In  all  cases  the  photon 
energy  was  between  1  and  3  eV,  which  is  less  than 
the  work  function  of  the  metal,  even  after  the 
Schottky  correction.  The  effect  has  been  interpreted 
as  single-photon  photoemission  in  which  the  elec¬ 
tron  is  excited  to  an  energy  level  above  the  Fermi 
level  from  which  the  electron  can  easily  tunnel 
through  the  thinner  part  of  the  surface  barrier. 
However,  in  the  experiments  by  Boussakaya  et  al. 

[8]  the  tip  of  the  needle  was  heated  to  an  extremely 
high  temperature  and  thermionic  emission  could 
contribute  to  the  current.  In  fact,  in  some  of  the 
measurements  the  current  seems  to  have  exceeded 
the  space-charge  limit,  which  suggests  that  the 
emission  occurred  over  a  larger  area  or  a  longer 
time  than  the  laser  pulse  on  the  tip  of  the  needle. 
However,  in  the  experiments  of  Ramian  and  Garate 

[9] ,  the  estimated  temperature  rise  of  the  surface  of 
the  needle  was  about  300°C,  which  is  not  enough  to 
account  for  the  observed  current.  The  experiments 
described  below  were  undertaken  to  examine  the 
mechanism  for  the  observed  photoemission. 


2.  Experimental  techniques 

The  experimental  apparatus  is  illustrated  sche¬ 
matically  in  Fig.  1.  The  tungsten  needle  was  held  in 
a  pin  vice  supported  on  a  ceramic  insulator  inside 
the  cathode  structure.  The  outer  structure  of  the 
cathode  could  be  adjusted  with  a  micrometer  ac¬ 
tuator  to  expose  more  or  less  of  the  needle.  The 
outer  structure  of  the  anode  was  likewise  insulated 
from  ground,  and  could  be  adjusted  with  a  microm¬ 
eter  actuator  to  vary  the  distance  from  the  tip  of  the 
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Fig.  1.  Schematic  diagram  of  the  experimental  apparatus. 


needle  to  the  face  of  the  anode.  A  2-mm  hole  in  the 
anode  was  used  to  pass  the  laser  beam  to  the  needle 
tip  for  photoelectric  current  measurements,  and 
will  be  used  later  for  measurements  of  the  electron- 
beam  properties. 

The  cathode  bias  was  provided  by  an  un¬ 
regulated  50-kV  power  supply.  The  electron-beam 
current  was  measured  by  a  digital  200-mV  meter 
across  a  resistor  in  series  with  the  needle.  This 
eliminates  spurious  current  from  the  surfaces  of  the 
cathode  structure.  The  anode  current  was  mea¬ 
sured  with  a  voltmeter  across  a  1-MD  shunt.  Differ¬ 
ences  between  the  anode  and  cathode  currents 
could  be  accounted  for  by  the  current  transmitted 
through  the  hole  in  the  anode. 

The  final  vacuum  was  maintained  by  a  20-1/s  ion 
pump.  The  system  was  generally  baked  out  over¬ 
night  at  about  200°C  to  outgas  the  walls  of  the 
chamber.  Most  of  the  measurements  were  made  at 
pressures  below  10" 7  Torr,  but  the  effects  of  con¬ 
tamination  by  the  residual  gas  (mostly  water  vapor) 
were  observed,  as  discussed  below. 

The  tip  of  the  needle  was  illuminated  by  an 
argon-ion  laser.  This  laser  operates  on  a  number  of 
lines  in  the  green  part  of  the  spectrum,  near  500  nm. 
The  maximum  total  power  (all  lines)  was  about 
1  W.  The  laser  beam  was  focused  on  the  tip  of  the 
needle  at  normal  incidence  through  the  hole  in  the 
anode.  The  measured  beam  profile  was  nearly 
Gaussian,  and  the  radius  at  the  focus  was  about 
35  pm  at  the  1/e  (intensity)  point.  At  maximum 
power  the  intensity  on  the  tip  of  the  needle  was 
2.5  x  108  W/m2. 


The  needles  were  fabricated  from  150- pm  dia¬ 
meter,  99.9  +  %  pure,  polycrystalline  tungsten 
wire.  To  form  a  point  the  wire  was  inserted  1  mm 
into  a  1-M  NaOH  solution  and  etched  using  10  V 
AC.  The  etching  was  continued  until  the  current 
stopped.  This  was  observed  to  give  reproducible 
tips  with  a  radius  of  about  1  pm  and  a  cone  half¬ 
angle  of  15°.  An  electron  micrograph  of  the  needle 
used  to  generate  the  data  reported  here  is  shown 
in  Fig.  2. 

After  the  needles  were  installed  in  the  vacuum 
system,  they  were  heated  overnight  at  2200-2400°C 
by  electron  bombardment  to  clean  and  smooth  the 
surface.  The  temperatures  were  measured  using  an 
optical  pyrometer,  and  are  believed  to  be  good 
to  +  50°C.  Processing  at  temperatures  above 
2400°C  caused  the  needle  to  evaporate  and  become 
thinner  and  sharper.  After  several  hours  of  opera¬ 
tion  at  low  current  or  accidental  operation  at  high 
current  (over  100  pA)  the  current  would  become 
erratic  and  the  processing  had  to  be  repeated. 
While  doing  measurements  of  the  current  it  was 
observed  that  after  a  few  minutes  of  operation 
at  the  ambient  pressures  used  in  these  experi¬ 
ments  the  effects  of  contamination  by  the  residual 
gas  could  be  observed.  The  effects  took  the  form 
of  a  weaker  dependence  of  the  current  on  the 
voltage,  and  sometimes  an  increased  total  cur¬ 
rent.  These  effects  can  be  accounted  for  by  a 
monolayer  of  hydrogen  partly  covering  the 
surface,  which  is  known  to  reduce  the  work 
function  [10].  In  this  case  the  surface  could  be 
cleaned  by  illuminating  the  tip  with  the  laser  and 
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Fig.  2.  Electron  micrograph  of  the  tip  of  a  tungsten  needle. 


heating  it  to  about  1500°C  for  a  period  of  a  few 
minutes. 

3.  Experimental  results 

When  precautions  were  taken  to  smooth  the 
needle  by  electron-bombardment  heating  and  clean 
the  needle  by  laser  heating,  results  like  those  shown 
in  the  Fowler-Nordheim  plot  in  Fig.  3  were  ob¬ 
tained.  With  the  laser  off,  the  current  density 
should  obey  Eq.  (1),  which  predicts  nearly  a  straight 
line  on  this  plot.  The  theoretical  curve  was  com¬ 
puted  using  Eq.  (1)  and  integrating  the  current 
density  over  the  surface  of  the  tip.  To  calculate  the 
electric  field  at  the  surface  of  the  needle,  the  an¬ 
ode-cathode-needle  system  was  approximated  by 
a  conducting  ellipsoid  in  a  uniform  electric  field 
[11].  The  only  unknown  parameter  in  the  calcu¬ 
lation  was  the  radius  of  the  needle  tip.  In  cases 
when  the  radius  could  be  checked  it  usually  was 
close  to  that  determined  from  the  simulations.  As 
shown  by  the  electron  micrograph  in  Fig.  2,  the 


Fig.  3.  Fowler-Nordheim  plot  of  observed  field-emission 
current. 

observed  tip  radius  of  the  needle  used  in  the  present 
experiments  was  about  0.9  pm,  but  the  shape  was 
not  an  ellipsoid.  The  best  fit  to  the  data  was  ob¬ 
tained  using  a  tip  radius  of  0.82  pm.  When  the 
needles  became  contaminated  after  a  few  minutes  of 
exposure  to  the  residual  gas  in  the  vacuum  cham¬ 
ber,  the  current  became  erratic  and  showed 
a  weaker  dependence  of  current  on  voltage.  This 
effect  is  evident  in  the  lowest  points  of  the  “laser 
off”  curve  in  Fig.  3,  and  could  generally  be  correc¬ 
ted  by  a  few  minutes  of  heating  to  1500°C  using  the 
laser  at  full  power.  Eventually,  the  needles  became 
so  contaminated  or  otherwise  damaged  that  good 
performance  could  be  restored  only  by  electron- 
beam  bombardment  heating  to  about  2300°C,  and 
ultimately  the  needles  had  to  be  replaced.  When  the 
needles  were  damaged  by  excessive  current  or 
many  hours  of  use  and  were  removed  from  the 
vacuum  chamber,  the  tip  of  the  needle  was  ob¬ 
served  to  be  rough,  with  the  appearance  of  bumps 
and  lumps  on  the  surface. 

When  the  laser  was  turned  on  the  current  in¬ 
creased  by  as  much  as  two  orders  of  magnitude,  as 
shown  in  Fig.  3.  The  photocurrent  increased  with 
laser  power  in  a  monotonic  but  nonlinear  fashion, 
and  was  characterized  by  a  steep  voltage  depend¬ 
ence.  The  highest  observed  quantum  efficiency 
was  of  the  order  of  3%,  obtained  at  50%  of  the 
maximum  laser  power  (about  0.5  W  total).  At  the 
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highest  laser  powers,  the  needles  were  observed  to 
become  incandescent.  Using  the  optical  pyrometer, 
the  temperature  was  found  to  be  as  high  as  1500°C. 
Although  it  is  not  shown  in  Fig.  3,  at  sufficiently 
low  voltages  the  current  at  these  high  temperatures 
was  observed  to  be  almost  independent  of  the  volt¬ 
age.  This  is  attributed  to  thermionic  emission  from 
the  tip  and  sides  of  the  needle  over  the  incandescent 
portion,  which  was  as  much  as  a  few  millimeters 
long.  At  a  fixed  voltage,  the  quantum  efficiency  was 
observed  to  be  an  exponentially  increasing  function 
of  the  laser  power.  If  we  extrapolate  the  results  to 
higher  power  it  appears  that  at  laser  powers  in 
excess  of  a  few  Watts,  depending  on  the  voltage,  the 
quantum  efficiency  will  approach  unity,  in  accord 
with  previous  measurements  by  Boussoukaya  et  al. 
[8],  and  by  Ramian  and  Garate  [9]. 

4.  Interpretation 

Since  the  needles  were  observed  to  become  in¬ 
candescent  at  high  incident  laser  power,  it  is  tempt¬ 
ing  to  attribute  the  increased  electron  emission  to 
an  elevated  electron  temperature.  The  Fowler- 
Nordheim  theory  can  be  extended  to  higher  tem¬ 
peratures  by  integrating  the  tunneling  probability 
over  a  Fermi  distribution  corresponding  to  the 
higher  temperature  [4].  Comparison  of  the  present 
experimental  data  with  the  extended  Fowler-Nor- 
dheim  theory,  as  illustrated  in  Fig.  4,  shows  that 
this  interpretation  cannot  explain  the  observed 
photocurrent.  The  emission  calculated  for  the  ob¬ 
served  temperature  of  the  needle  is  too  small,  and  if 
the  electron  temperature  is  increased  above  the 
measured  temperature  to  account  for  the  large  en¬ 
hancement  of  the  emission,  then  the  dependence  of 
the  current  on  voltage  is  too  weak.  Therefore,  the 
observed  current  is  evidently  some  sort  of  nonther- 
mal  photoemission.  In  no  case  was  the  Schottky 
correction  large  enough  to  reduce  the  barrier  below 
the  energy  of  a  single  laser  photon.  Attempts  to 
interpret  the  observed  current  as  a  multiphoton 
photoemission  process  also  failed.  When  the  cur¬ 
rent  is  plotted  as  a  function  of  the  laser  power  for 
fixed  voltage,  the  slope  on  a  log-log  plot  decreases 
from  roughly  5  to  about  3  as  the  voltage  changes 
from  20  to  24  kV.  Since  the  photon  energy  is  2.5  eV 


Fig.  4.  Fowler-Nordheim  plot  of  field  emission  at  elevated 
electron  temperature. 


and  the  work  function  is  4.5  eV  (or  lower,  when  the 
Schottky  effect  is  included),  slopes  greater  than 
2  are  difficult  to  explain. 

The  steep  voltage  dependence  of  the  observed 
photocurrent  is  a  clear  indication  that  the  electrons 
tunnel  through  the  surface  barrier  from  electron 
energy  levels  not  far  above  the  Fermi  level.  It  is  not 
possible  to  explain  the  steep  voltage  dependence  in 
any  other  way.  At  elevated  electron  temperatures, 
field  emission  is  dominated  by  electrons  thermally 
excited  to  levels  above  the  Fermi  level  where  the 
surface  barrier  is  thinner,  and  this  accounts  for  the 
weaker  voltage  dependence  observed  at  high  tem¬ 
peratures  [6].  An  excellent  fit  to  the  experimental 
data  is  obtained  by  using  the  Fowler-Nordheim 
theory  with  a  reduced  work  function  that  depends 
on  the  laser  intensity.  The  solid  curves  in  Fig.  3 
show  the  best  fit  of  this  model  to  the  experimental 
data.  Indicated  next  to  each  curve  is  the  effective 
work  function  </>w  required  to  fit  the  data.  At 
the  higher  laser  powers  the  needles  were  heated 
above  room  temperature  and  became  incandescent. 
The  theoretical  curves  have  been  corrected  to 
account  for  elevated  needle  temperature,  as  in¬ 
dicated  in  Fig.  3.  In  general,  the  best  fit  was  ob¬ 
tained  when  the  electron  temperature  was  slightly 
(50-100°C)  below  the  measured  temperature  of  the 
needle  tip. 
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Fig.  5  shows  a  plot  of  the  effective  work  function 
</>w  as  a  function  of  the  laser  power.  The  decreased 
work  function  is  equivalent  to  an  elevated  Fermi 
level.  Within  the  scatter  of  the  data,  the  work  func¬ 
tion  is  a  linearly  decreasing  function  of  the  laser 
power,  indicating  that  the  shift  in  the  Fermi  level 
increases  linearly  with  laser  power.  A  simple  linear 
relaxation  model  can  be  used  to  account  for  this 
observation.  We  assume  that  the  electrons  are  ini¬ 
tially  excited  by  the  laser  photons  to  energy  levels 
well  above  the  Fermi  level,  after  which  they  relax 
rapidly  to  levels  just  above  the  Fermi  energy,  as 
illustrated  in  Fig.  6.  They  then  reside  in  these  levels 
for  a  time  t.  As  the  laser  power  increases,  the  energy 
to  which  these  levels  are  filled  increases  in  propor¬ 
tion,  at  least  near  the  surface,  which  lowers  the 
effective  work  function  of  the  metal.  The  levels  into 
which  the  electrons  relax  could  be  some  sort  of 
surface  states  [12],  or  merely  higher  levels  in  the 
conduction  band.  Although  tungsten  has  a  com¬ 
plex  conduction-band  structure  composed  of  s  and 
d  electrons,  we  assume  here  a  simple  model  of 
a  free-electron  gas  in  an  infinitely  deep  potential 
well,  and  place  the  two  s  electrons  in  the  conduc¬ 
tion  band.  The  electron  density  is  then  Ne  = 
1.26  x  1029  /m3,  and  the  Fermi  energy  is  EF  =  9.19  eV. 
Since  the  number  of  energy  levels  below  the  Fermi 
level  is  oc  EF! 2,  the  shift  in  the  effective  Fermi  energy 
caused  by  placing  A Ne  electrons  in  levels  above  the 
nominal  Fermi  energy  is  A EF/EF  =  f  A NjNe,  for 
small  shifts  of  the  Fermi  level.  If  the  probability  of 
photoexcitation  is  P  per  unit  time,  then  the  shift 
in  the  effective  Fermi  energy  is 


(4) 


To  estimate  the  excitation  probability  P  we  pro¬ 
ceed  as  follows.  The  incident  laser  photons  are 
absorbed  by  the  electrons  near  the  surface  of  the 
metal  to  a  skin  depth  of  the  order  of  15  nm.  The 
excitation  probability  is  then 


P  S(1  -*) 
h(DLNed 


(5) 


where  S  is  the  incident  laser  intensity,  R  the  reflec¬ 
tance,  d  the  skin  depth,  and  <x>L  the  laser  frequency. 
From  the  experimental  results  shown  in  Fig.  5,  we 
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Fig.  5.  Effective  work  function  as  a  function  of  laser  power. 


Distance 

Fig.  6.  Schematic  diagram  showing  photoexcitation,  followed 
by  relaxation  to  levels  just  above  the  Fermi  energy  and  tunnel¬ 
ing  through  the  energy  barrier  at  the  surface  of  the  metal. 


find  that  the  effective  residence  time  according  to 
this  model  is  t  =  1  ps. 

This  effective  relaxation  time  is  extremely  long 
compared  with  the  time  for  the  relaxation  of  the 
electron  energy  observed  in  other  experiments, 
such  as  thermally-assisted  multiphoton  photoemis¬ 
sion  [13].  The  cooling  time  observed  in  those  ex¬ 
periments  was  of  the  order  of  1  ps,  due  in  part  to 
the  very  small  heat  capacity  of  the  conduction 
electrons.  This  supports  the  suggestion  of  rapid 
relaxation  of  the  photoexcited  electrons  to  levels 
near  the  Fermi  level.  However,  while  those  experi¬ 
ments  were  sensitive  to  the  relaxation  of  hot  elec¬ 
trons  to  a  Fermi  distribution  at  the  lattice 
temperature,  they  may  not  have  been  sensitive  to 
a  shift  of  the  Fermi  level,  which  would  have  been 
very  small. 
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To  estimate  the  energy-loss  time  on  more  funda¬ 
mental  grounds,  we  note  that  for  electrons  near  the 
Fermi  energy  the  rate  of  emission  of  phonons  is  of 
the  order  of  lO^/s  [14].  But  the  ratio  of  the 
phonon  energy  to  the  phonon  momentum  is  vs,  the 
speed  of  sound,  so  the  energy-loss  time  is  longer 
than  the  momentum-loss  time  (the  phonon-emis¬ 
sion  time)  by  the  factor  vjvs,  where  vc  is  the  speed  of 
an  electron  near  the  Fermi  energy.  Thus,  we  would 
estimate  that  that  the  energy-loss  time  in  tungsten 
is  of  the  order  of  1-10  ns  at  room  temperature,  and 
less  at  elevated  temperature.  This  is  much  shorter 
than  the  observed  residence  time.  The  explanation 
might  lie  in  the  details  of  the  band  structure  of 
tungsten.  For  example,  electrons  from  lower  levels, 
such  as  the  4f  or  5d  levels,  might  be  excited  into 
s  levels  in  the  conduction  band  above  the  Fermi 
energy,  from  which  they  could  have  difficulty  relax¬ 
ing  back  into  the  original  levels.  Another  possibility 
is  that  the  electrons  are  excited  to,  and  become 
trapped  in,  some  sort  of  surface  states  [12]. 

5.  Conclusions 

By  operating  at  laser  intensities  of  the  order  of 
10s  W/m2,  intermediate  between  those  used  in  pre¬ 
vious  experiments,  it  has  been  possible  to  examine 
the  transition  from  the  small  quantum  efficiencies 
observed  at  low  intensities  to  the  unit  quantum 
efficiencies  observed  at  high  laser  intensities.  It  is 
clear  that  in  this  range  of  incident  intensities  the 
emission  is  nonlinear  in  the  laser  intensity.  It  is  also 
clear  that  the  emission  is  dominated  by  electrons 
tunneling  through  the  surface  barrier  from  states 
just  above  the  Fermi  energy.  However,  the  nature 
of  the  emitting  levels  is  not  at  all  clear. 
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Abstract 

A  photo-cathode  RF-gun  and  a  chicane-based  bunch-compressor  are  installed  on  an  S-band  linac  which  had  been 
used  for  a  UT-FEL  experiment.  Electron  bunches  extracted  from  the  photo-cathode  RF-gun  are  accelerated  by  an 
S-band  structure  up  to  20  MeV  and  compressed  by  a  chicane  magnet.  Since  the  bunch  has  very  small  longitudinal  size 
and  relatively  low  energy,  coherent  synchrotron  radiation  emitted  from  the  bunch  in  the  chicane  creates  a  nonuniform 
energy  loss  in  the  bunch  and  degrades  the  performance  of  the  bunch  compressor.  In  the  present  paper,  the  performance  of 
the  bunch-compressor  under  the  influence  of  coherent  synchrotron  radiation  is  studied.  Preliminary  experimental  results 
are  also  presented.  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Chicane;  Photo-cathode  RF-gun;  Bunch  compressor;  Coherent  synchrotron  radiation 


1.  Introduction 

A  photo-cathode  RF-gun  and  a  chicane-based 
bunch-compressor  are  installed  on  an  S-band  linac 
which  had  been  used  for  a  UT-FEL  experiment  [1]. 
Several  new  experiments  such  as  femto-second 
X-ray  generation,  laser  wakefield  acceleration,  and 
picosecond  X-ray  diffractometry  are  being  carried 
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out  as  new  applications  of  the  linac  [2].  An 
electron  bunch  extracted  from  the  photo-cathode 
RF-gun  is  accelerated  by  the  S-band  structure  up 
to  20  MeV  and  can  be  compressed  by  a  chicane 
magnet.  Electron  bunches  as  short  as  400  fs  have 
been  obtained. 

In  recent  years  it  has  been  reported  that  emit- 
tance  growth  caused  by  the  self-field  of  electrons 
traveling  though  a  circular  path  may  become  a  se¬ 
vere  problem  in  the  design  of  bunch  compressors 
for  an  extremely  low  emittance  beam  [3-5].  This 
self-field  in  circular  motion,  which  is  called  the 
coherent  synchrotron  radiation  (CSR)  force  or 
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the  noninertial  space  charge  force,  is  the  subject  of 
the  present  study. 

The  emittance  growth  by  the  CSR  force  is  not 
a  major  problem  in  typical  storage  rings,  because 
the  CSR  is  almost  completely  shielded  by  the  con¬ 
ducting  walls  of  the  beam  pipe.  In  the  chicane 
magnet  of  our  linac,  however,  the  shielding  of  CSR 
is  very  weak  because  of  small  bending  radius  and 
short  bunch  length.  The  dimensionless  shielding 
parameter  R(j2/h3,  which  gives  the  shielding  effect 
for  two  parallel  plates,  is  less  than  0.1  and  the  CSR 
power  emitted  from  the  bunch  is  the  same  order  as 
an  open  structure  [6].  Hence  the  CSR  and  noniner¬ 
tial  space  charge  force  must  be  taken  into  account 
to  study  the  performance  of  the  bunch  compressor. 

2.  Analysis  of  bunch  compression  including 
CSR  and  noninertial  space  charge  force 

The  performance  of  the  chicane-based  bunch 
compressor  under  the  influence  of  CSR  and  the 
noninertial  space  charge  force  is  studied  in  this 
section.  There  are  two  approaches  to  the  study  of 
the  CSR  force:  a  one-dimensional  analytical 
method  [3,7]  and  a  three-dimensional  numerical 
simulation  [5].  In  the  one-dimensional  analytical 
approach  an  electron  bunch  is  assumed  to  be  a  line 
charge  of  Gaussian  or  uniform  distribution  and  the 
CSR  force  applied  on  each  electron  in  the  bunch  is 
calculated  by  integrating  a  Lienard-Wiechert  po¬ 
tential  of  other  electrons  over  the  bunch.  The 
three-dimensional  simulation  is  based  on  particle 
tracking  and  calculates  the  self-field  from  the 
Lienart-Wiechert  potential.  In  the  present  study  we 
use  the  latter  approach,  because  the  line  charge 
assumption  in  the  one-dimensional  analysis  does 
not  give  a  good  approximation  for  pancake-shaped 
electron  bunches  in  the  bunch  compressor.  The 
particle-tracking  simulation  also  has  the  advantage 
of  taking  the  noninertial  space  charge  force  into 
account.  This  is  the  non-canceled  force  between 
two  particles  having  different  paths  in  a  circular 
trajectory  and  never  appears  in  a  one-dimensional 
analysis. 

Using  a  particle  tracking  code  modified  to  in¬ 
clude  CSR  and  noninertial  space  charge  forces  [8], 
we  calculate  the  performance  of  the  bunch  com¬ 


pressor  and  estimate  the  effect  of  the  self-field  ap¬ 
plied  on  electron  bunches  in  the  chicane  magnet. 
Since  the  shielding  of  CSR  by  metallic  walls  in  our 
chicane  is  very  weak  as  described  above,  we  neglect 
the  shielding  in  these  simulations. 

An  ideal  compression  of  an  electron  bunch  hav¬ 
ing  zero  initial  transverse  emittance  is  studied  to 
distinguish  the  effect  of  the  self-field.  We  prepare, 
before  the  compressor,  an  electron  bunch  having 
zero  transverse  emittance,  uniform  radial  distribu¬ 
tion  of  r  =  3  mm,  Gaussian  temporal  profile  of 
At  =  24  ps  (FWHM),  charge  of  1  nC  and  an  aver¬ 
age  energy  of  20  MeV.  The  parameters  of  the 
chicane  are  chosen  so  that  the  optimum  bunch 
compression  is  obtained  for  a  simulation  without 
CSR  and  noninertial  space  charge  forces,  where  the 
bending  angle  and  path  length  in  each  magnet  are 
25°  and  15.5  cm,  respectively,  all  the  gaps  between 
rectangular  magnets  are  15  cm,  and  the  initial  en¬ 
ergy  modulation  of  the  bunch  is  50  keV/ps. 

The  longitudinal  phase  space  and  temporal  pro¬ 
file  of  compressed  bunch  are  shown  in  Figs.  1  and  2. 
If  only  the  usual  self-field  is  taken  into  account,  the 
compressor  shows  excellent  performance  and  the 
bunch  is  compressed  to  as  little  as  0.1  ps  (FWHM). 
The  simulation  including  the  CSR  and  noninertial 
space  charge  forces  shows  degradation  of  the  per¬ 
formance,  and  the  bunch  length  is  0.5  ps  (FWHM) 
after  the  chicane.  This  performance  degradation  is 
the  result  of  an  additional  nonuniform  energy 
modulation  arising  from  CSR  and  noninertial 
space  charge  forces  during  circular  motion  in  the 
chicane  magnet. 

Making  precise  control  of  four  individual  mag¬ 
nets  with  trim  coils,  we  can  obtain  an  electron 
bunch  a  little  shorter  than  0.5  ps  even  if  CSR  and 
noninertial  space  charge  forces  are  included.  This 
has  only  a  minor  effect  for  improving  the  perfor¬ 
mance,  and  electron  bunches  as  short  as  0. 1  ps 
cannot  be  obtained,  because  the  longitudinal  phase 
space  has  been  distorted  by  CSR  and  noninertial 
space  charge  forces. 

Fig.  1  also  shows  the  decrease  in  the  average 
energy  due  to  the  CSR  force,  which  corresponds  to 
a  total  CSR  power  of  250  pJ  emitted  from  the 
bunch  as  it  goes  through  the  chicane. 

The  calculated  transverse  emittance  growth  is 
listed  in  Table  1.  It  shows  that  CSR  and  noninertial 
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Fig.  1.  Calculated  longitudinal  phase  space  of  compressed  bunches  (a)  without  CSR  and  the  noninertial  space  charge  forces  and  (b)  with 
CSR  and  noninertial  space  charge  forces. 


time  (ps)  time  (ps) 

Fig.  2.  Calculated  temporal  profile  of  compressed  bunches  (a) 
without  noninertial  space  charge  and  CSR  forces  and  (b)  with 
noninertial  space  charge  and  CSR  forces. 


Table  1 

Normalized  transverse  emittance  growth 


Self-field  Ae^mm  mrad) 

Usual  16 

Usual  +  CSR  22 

Usual  +  CSR  +  NF  29 


aNI  is  noninertial  space  charge  force. 

space  charge  forces  cause  additional  emittance 
growth  of  the  electron  bunch,  while  emittance 
growth  due  to  higher  order  chromatic  aberration 
and  fringe  field  of  the  magnets  still  exists  in  simula¬ 


tions  without  CSR  and  noninertial  space  charge 
forces. 

3.  Experiment  for  the  direct  observation 
of  CSR  force 

An  experiment  was  carried  out  for  the  direct 
observation  of  the  CSR  force  and  the  noninertial 
space  charge  field  affecting  the  electron  motion  in 
the  chicane  magnet.  In  the  experiment,  the  energy 
spectrum  of  the  electron  bunch  was  measured 
downstream  of  the  chicane  at  various  chicane  fields 
to  detect  the  energy  change  of  electrons  arising 
from  the  CSR  force. 

Fig.  3  shows  the  experimental  setup.  The  beam 
current  at  the  outlet  of  an  energy  analyzer  was 
measured  with  a  co-axial  Faraday  cup  and  a  cur¬ 
rent  transformer  (CM1)  installed  after  the  acceler¬ 
ating  cells  was  used  as  a  reference  of  beam  current. 
Using  a  fluorescent  screen  just  after  the  analyzer, 
we  determined  the  beam  optics  carefully  and  kept 
the  same  position  and  injection  angle  of  the  elec¬ 
tron  beam  at  the  entrance  of  the  analyzer  for  pre¬ 
cise  energy  measurement. 

Fig.  4  shows  the  measured  energy  spectrum  for 
two  different  chicane  fields,  B  =  0  and  2320  G, 
where  the  bunch  charge  and  length  were  1.4  nC  and 
5  ps  (FWHM),  and  the  path  length  in  each  magnet 
was  16  cm.  The  accelerator  phase  was  chosen  so 
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monitor  display 


Fig.  3.  Experimental  setup. 


Fig.  4.  Measured  energy  spectrum  for  chicane  field  of  B  —  2320 
and  0  G. 


that  the  electron  bunch  was  on  the  crest  of  the 
accelerating  field,  where  neither  compression  nor 
decompression  occurs.  The  measured  energy  spec¬ 
trum  shows  two  distinctive  features:  one  is  the  shift 
of  the  peak  in  energy  and  the  other  is  the  disappear¬ 
ance  of  the  lower-energy  electrons  when  a  large 
field  is  applied  to  the  chicane. 


The  wide  low-energy  tail  appearing  in  the 
measurement  without  a  chicane  field  is  considered 
to  be  a  tail  of  the  electron  bunch  behind  the  phase 
necessary  to  stay  on  the  crest  of  the  RF  wave.  This 
tail  experiences  a  non-zero  transverse  field  in  the 
RF-gun  and  has  a  relatively  large  slice  emittance. 
The  bunch  measurement  with  a  streak  camera 
and  the  observation  of  the  transverse  profile  at 
the  screen  support  this  assumption.  According  to 
the  above  consideration,  the  disappearance  of  the 
lower  energy  electrons  with  a  large  chicane  field  can 
be  explained  by  electrons  being  scraped  off  at  the 
outlet  of  the  chicane,  where  the  aperture  diameter  is 
only  15  mm  and  the  beam  acceptance  becomes 
smaller  for  the  larger  chicane  field. 

The  shift  of  peak  in  the  energy  spectrum  is  evid¬ 
ence  for  the  CSR  force,  which  decreases  the  total 
energy  of  the  electron  bunch.  The  measured  energy 
shift  in  Fig.  4  is  94  keV,  while  a  3-D  numerical 
simulation  gives  230  keV  as  the  energy  shift  of 
electrons  for  the  same  parameters  as  the  experi¬ 
ment  but  with  the  injection  of  a  uniform  energy 
beam.  If  we  assume  a  bunch  charge  of  0.6  nC,  that 
is,  the  value  after  getting  rid  of  the  low-energy  tail, 
the  numerical  simulation  gives  105  keV  as  shown 
in  Figs.  5  and  6.  In  the  numerical  simulation  we  can 
see  that  electrons  around  the  center  of  the  bunch, 
where  current  density  is  higher  than  in  other  parts, 


VII.  ACCELERATORS 


268 


R.  Hajima  et  al  /  Nuclear  Instruments  and  Methods  in  Physics  Research  A  429  (1999)  264-268 


time  (ps) 

Fig.  5.  Longitudinal  phase  space  after  the  chicane  obtained  by 
numerical  simulation. 


AE  (keV) 


Fig.  6.  Energy  spectrum  after  the  chicane  obtained  by  numerical 
simulation. 


lose  more  energy  by  emitting  stronger  CSR  and  slip 
backward  due  to  the  dispersion  of  the  chicane. 
Electrons  near  the  head  of  the  bunch  are,  to  the 


contrary,  accelerated  by  CSR  emitted  from  the  tail. 
Consequently,  the  energy  spread  grows  continu¬ 
ously  through  the  chicane.  In  the  experiment,  how¬ 
ever,  the  growth  of  the  energy  spread  could  not 
be  observed.  This  was  because  that  the  energy  re¬ 
solution  in  the  measurement  was  not  sufficiently 
sensitive  and  the  growth  of  the  energy  spread  is 
concealed  by  the  initial  energy  spread. 

Further  discussion  including  transient  phe¬ 
nomena  between  a  straight  path  and  a  circular 
orbit  still  remains  as  a  future  work. 


4.  Summary 

We  have  studied  the  effect  of  coherent  synchro¬ 
tron  radiation  (CSR)  and  the  noninertial  space 
charge  forces  on  the  performance  of  a  chicane- 
based  bunch  compressor  with  3-D  particle  track¬ 
ing.  The  lengthening  of  the  temporal  profile  and  the 
emittance  growth  of  compressed  bunches  are  ob¬ 
served  as  a  result  of  nonuniform  energy  modulation 
caused  by  CSR  and  noninertial  space  charge  forces 
during  the  circular  motion  in  the  chicane.  An  ex¬ 
perimental  result  for  the  direct  observation  of  the 
CSR  force  has  also  been  presented.  The  observed 
energy  shift  is  consistent  with  the  energy  loss  of 
electrons  due  to  coherent  synchrotron  radiation. 
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Abstract 

Kawasaki  Heavy  Industries,  Ltd.  (KHI)  has  designed  a  compact  free  electron  laser  device  that  can  provide  a  powerful 
and  tunable  (5-16  pm)  light  source.  The  FEL  device  consists  of  a  32  MeV  accelerator,  a  beam  transport  system  with  two 
25-degree  bending  magnets,  an  undulator  of  40  periods  and  32  mm  period  length,  and  a  cavity  mirror  system.  Using  some 
computer  codes  to  optimize  the  beam  optics  of  the  accelerator  could  provide  a  high-quality  beam  for  the  FEL.  ©  1999 
Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Electron  laser;  Magnet;  Accelerator 


1.  Introduction 

Kawasaki  Heavy  Industries,  Ltd.  (KHI)  has 
completed  the  design  of  a  compact  linac-based 
FEL  device.  The  FEL  device  can  provide  a  power¬ 
ful  and  tunable  (5-16  pm  in  the  infrared  region) 
light  source.  The  device  will  be  installed  in  the  IR 
FEL  Research  Center  at  the  Science  University  of 
Tokyo  in  1999  [1].  The  center  is  dedicated  to  the 
development  of  IR  FEL  and  exploring  applications 
in  chemistry,  biology  and  materials  science. 

There  are  many  FEL  centers  being  utilized  in  the 
world.  However,  only  two  types  of  injectors  have 
been  adopted.  One  consists  of  a  DC  electron  gun, 
a  sub-harmonic  buncher,  focusing  coils,  and  a  bun- 
cher.  The  other  consists  of  an  RF-gun,  focusing 
magnets  and  an  ot-magnet  which  was  adopted  by 
the  MARK-III  (at  Vanderbilt  University  and  Duke 
University)  and  the  BFEL  at  IHEP  [2-5].  We 
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selected  the  latter  type  as  an  injector  for  the  KHI 
FEL  in  order  to  make  a  compact  FEL  device  and 
generate  low  emittance  beams  easily.  The  perfor¬ 
mance  of  the  KHI  FEL  device  in  comparison  with 
MARK-III  and  BFEL  is  described  first  in  this 
paper. 

A  new  type  of  RF-gun  with  (on  axis  coupled 
structure)  (OCS)  was  designed  [6]  and  will  be  used 
for  the  KHI  FEL.  Higher  FEL  gain  needs  higher 
peak  current  in  the  undulator.  The  electron  beam 
from  the  new  RF-gun  must  be  bunched,  electrons 
with  different  energy  from  design  removed,  and  the 
remaining  electrons  must  be  accelerated  and  trans¬ 
ported  to  the  undulator  to  produce  a  high-peak 
current  in  the  undulator.  These  designs  are  impor¬ 
tant  for  an  FEL  device.  The  beam  optics  calcu¬ 
lations  of  the  KHI  FEL  accelerator  are  described 
next  in  this  paper.  They  are  carried  out  by  using 
some  computer  codes  such  as  ARUFA  and 
TRANSPORT  [7].  The  beam  optics  was  optimized 
so  as  to  provide  a  high-quality  beam  with  high 
peak  current. 
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2.  Performance  of  KHI  FEL 

The  fundamental  parameters  of  KHI  FEL, 
MARK-III  and  BFEL  are  shown  in  Table  1  [2-5]. 
Those  of  the  accelerator  and  the  undulator  for  the 
KHI  FEL  were  determined  to  provide  a  laser  with 
a  wavelength  range  of  5-16  pm  at  a  fixed  energy  of 
32  MeV,  to  make  the  total  size  (the  accelerator  and 
the  undulator)  smaller,  and  to  obtain  the  required 
FEL  gain.  It  is  easier  to  operate  the  KHI  FEL 
because  of  the  fixed  energy.  The  beam  energy  from 
the  RF-gun  of  the  KHI  FEL  is  1.9  MeV  and  higher. 
The  beam  emittance  growth  of  KHI  FEL  in  the 
injector  can  be  reduced.  The  cavity  length  is  3.36  m 
which  is  25  times  10.5  cm  (one  period  length  of 
2856  MHz  of  the  RF  frequency).  In  the  future,  the 
capability  of  a  beam  burst  mode  of  89.3  MHz, 
which  is  2856  MHz/32  will  be  obtained  by  using  an 
RF  gun  with  a  grid.  The  grid  pulse  for  the  electron 
beam  emission  will  be  synchronized  with  the 
divided  89.3  MHz. 

The  rise  time  for  FEL  lasing  must  be  significantly 
less  enough  at  7  ps,  which  is  the  length  of  the 
electron  beam  macro  pulse.  The  KHI  FEL  was 
designed  to  have  a  rise  time  of  2  ps.  An  FEL  gain  of 
at  least  17%  is  required  to  achieve  this  rise  time. 


The  FEL  gain  estimate  was  calculated  by  using  the 
equation  from  Dattoli  et  al.  [8]. 

3.  Optics  simulation 

3.1.  Beam  parameter  of  the  RF-gun 

Fig.  1  shows  the  emittance  data  of  the  electron 
beam  at  the  exit  of  the  design  RF-gun.  The  nor¬ 
malized  emittance  is  1 1 7imm  mrad.  An  FEL  gain  of 
more  than  17%  requires  a  peak  current  of  more 
than  30  A  and  an  energy  spread  of  less  than  0.5%. 
At  the  injector,  the  energy  spread  should  be  as 
small  as  possible  and  definitely  under  100  kV  (0.5% 
of  32  MeV).  The  electrons  from  the  RF-gun  during 
0-12  ps  of  the  RF  phase  have  an  electron  charge  of 
0.17  nC  and  an  energy  range  of  1.95-1.89  MeV.  The 
electron  beam  during  0-12  ps  must  therefore  be 
bunched  to  5  ps  by  an  a-magnet  and  injected  into 
an  accelerator  structure.  The  time  delay  At  through 
the  a-magnet  is 

Af  =  0.2681 y/E/Wy/G)  (1) 

where  E  is  the  momentum  of  beam  in  MeV/c,  c  is 
velocity  of  light  in  m/s,  /?  is  the  ratio  of  light  velocity 


Table  1 

The  fundamental  parameters  of  KHI  FEL,  MARK-III,  and  BFEL  devices 


KHI-FEL 

MARK-III 

BFEL 

Unit 

Accelerator 

Beam  macropulse  length 

7 

6 

4.5 

ps 

Beam  energy  from  the  RF-gun 

1.9 

0.9 

1.2 

MeV 

Beam  energy  in  the  undulator 

32(Max.  40) 

26-45 

24-28 

MeV 

Micropulse  peak  current 

>30 

20-40 

20 

A 

Energy  spread  (FWHM) 

~0.5 

0.3-0.8 

0.7 

% 

Normalized  emittance 

11 

7 

20 

Ttmm  mrad 

Repetition  rate 

10 

20 

3.125 

Hz 

Undulator 

Number  of  periods 

40 

47 

50 

— 

Undulator  period 

32 

23 

30 

mm 

Maximum  magnetic  field 

0.83 

0.47 

0.42 

T 

Laser 

Wavelength 

5-16 

1.5-905 

9-11 

pm 

Micro-pulse  repetition  rate 

2856 

2857 

2856 

MHz 

Cavity  length 

3.36 

2.064 

2.519 

m 
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to  electron  velocity,  and  G  is  the  gradient  of  the 
magnetic  field  of  the  a-magnet  in  T/m  [9].  The 
lengths  from  the  RF-gun  to  the  a-magnet  and 
from  the  a-magnet  to  the  accelerating  structure 
must  be  considered  as  a  debunching  section.  The 
calculated  bunch  length  in  the  case  of  the  KHI  linac 
is  shown  in  Fig.  2.  The  gradient  of  the  magnetic 


field  of  the  a-magnet  should  therefore  be  tuned  to 
1.75  T/m. 

The  beam  optics  from  the  RF-gun  to  the  ac¬ 
celerating  structure  was  simulated  and  optimized 
by  using  ARUFA  code.  The  code  solves  for  the 
electrons  momentum  using  the  Runge-Kutta 
method  in  order  to  more  easily  include  the 
special  magnetic  fields  of  the  a-magnet  and 
quadrupole  magnets.  The  space  charge  effect 
was  considered  due  to  the  low-energy  beam.  The 
code  was  used  for  the  simulation  from  the  exit  of 
the  RF-gun  to  the  entrance  of  the  accelerating 
structure. 

3.2.  Simulation  from  the  RF-gun  to  the  accelerator 

Positions  and  strength  of  the  magnetic  field 
gradient  of  these  magnets  were  optimized  to  satisfy 
the  following  requirements:  (1)  The  horizontal 
beam  size  should  be  as  small  as  possible  at  the 
turning  point  of  the  a-magnet.  If  it  is  larger  than  the 
beam  size  due  to  the  energy  distribution  and  dis¬ 
persion,  good  electrons  with  an  energy  of  more 
than  1.89  MeV  are  cut  by  the  slit.  (2)  Beam  sizes 


Fig.  2.  The  relation  between  the  bunch  length  and  the  gradient  of  the  magnetic  field  strength  of  the  a-magnet. 
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should  be  made  as  small  as  possible  and  the  Twiss 
parameter  a  should  be  positive  at  the  entrance  to 
the  accelerating  structure. 

33.  Simulation  from  the  accelerator  to  the  undulator 

Beam  optics  from  the  accelerating  structure  to  an 
undulator  was  optimized  by  using  the  TRANS¬ 


PORT  code.  The  accelerating  structure  of  length 
3  m  is  selected  to  accelerate  the  electron  beam 
from  1.95  to  32  MeV.  The  double  bend  achromat 
lattice  was  adopted.  A  bending  angle  of  25°  and  a 
bending  radius  of  0.7  m  were  optimized  to  be  with¬ 
out  an  interaction  with  the  cavity  mirror  chamber. 
The  following  requirements  were  considered: 
(3)  The  Twiss  parameters  should  be  matched  to  the 


(b)  Length  (m) 

Fig.  3.  The  electron  trajectories  of  (a)  the  horizontal  direction  (b)  the  vertical  direction  in  the  undulator.  Each  electron  in  the  horizontal 
direction  has  a  divergence  and  position  on  an  ellipse  with  ax  =  2,  fix  —  2  m,  emittance  =  0.5  Ttmm  mrad  at  the  entrance  point  of  the 
undulator.  In  the  vertical  direction  it  has  a  divergence  and  position  on  an  ellipse  with  <xy  =  2,  py  =  2  m,  emittance  =  0.5  Timm  mrad  at 
the  entrance  point  of  the  undulator,  respectively. 
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optimized  ones  (this  is  discussed  in  Section  3.5)  at 
the  entrance  of  the  undulator.  (4)  The  dispersion 
at  the  entrance  of  the  undulator  should  be  as  small 
as  possible.  The  vertical  beam  size  should  be  as 
small  as  possible  to  pass  easily  through  the  undula¬ 
tor  at  a  minimum  gap  of  8  mm. 

3.4.  Simulation  in  the  undulator 

Beam  optics  in  the  undulator  was  evaluated  by 
the  same  tracking  code  as  ARUFA.  The  calculated 
magnetic  field  of  the  undulator  was  used  for  the 
code.  Electrons  with  position  and  divergence  on  the 
emittance  ellipse  were  input  to  the  code.  The  ellipse 
is  calculated  from  the  Twiss  parameters  and  emit¬ 
tance.  Optimized  values  of  Twiss  parameters  were 
ttx  =  2,  [)y  =  2  m,  oty  =  2,  px  =  2  m.  The  trajectories 
at  the  optimized  values  are  shown  in  Fig.  3(a)  and 
(b).  If  emittance  is  less  than  0.5  ranm  mrad,  beam 
sizes  can  be  less  than  0.5  mm.  Beams  with  sizes  of 


1  mm  can  easily  go  through  an  undulator  gap  of 
8  mm  which  the  FEL  wavelength  requires. 

3.5.  Result  of  the  simulation 

The  optimized  beam  sizes  from  RF-gun  to  the 
exit  of  the  undulator  are  shown  in  Fig.  4.  The 
optimized  gradients  of  each  magnet  are  shown  in 
Table  2.  In  requirement  (1),  though  horizontal 
beam  size  is  about  3  mm  at  the  turning  point  of 
the  ot-magnet,  it  appeared  that  the  beam  size  for  the 
direction  of  the  slit  motion  is  less  than  0.5  mm  as 
shown  in  Fig.  5.  In  requirement  (2),  beam  sizes 
and  as  at  the  entrance  of  the  accelerating  struc¬ 
ture  are  about  1  mm  and  nearly  0,  respectively. 
In  requirements  (3)  and  (4),  Twiss  parameters 
and  the  dispersion  at  the  entrance  of  the  undulator 
were  ax  =  2,  fiy  =  2 m,  ay  =  2,  =  2m  and  ap¬ 

proximately  0.1  m,  respectively.  The  beam  sizes 
in  the  undulator  could  be  less  than  0.5  mm.  All 
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Fig.  4.  Beam  sizes  from  the  exit  of  the  RF-gun  to  the  exit  of  the  undulator. 
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requirements  were  sufficiently  satisfied.  A  sche¬ 
matic  view  of  the  KHI  FEL  device  with  the  opti¬ 
mized  magnet  positions  is  shown  in  Fig.  6. 


4.  Conclusion 

The  KHI  FEL  is  a  compact  free  electron  laser 
device  which  can  provide  a  powerful  and  tunable 
(5-16  pm)  light  source.  Beam  optics  of  the  KHI 
accelerator  were  optimized  by  some  codes  such  as 
ARUFA  and  TRANSPORT.  Requirements  from 
the  FEL  gain  and  the  FEL  wavelength  were  satis¬ 
fied.  The  optimized  beam  sizes  should  be  less  than 
0.5  mm  in  the  undulator.  These  are  small  enough  to 

TURNIG  POINT 

0. 1240 


0. 1235 


0.  1230 


0. 1225 


0. 1220 


0. 1215 


0. 1210 


Table  2 

The  optimized  magnetic  field  gradients  of  each  magnet 


Name 

Effective  length 
(m) 

Gradient  of  magnetic 
field  (T/m) 

QD1 

0.05 

-  1.3 

QF1 

0.05 

1.5 

a 

0.316 

-  1.75 

QF2 

0.05 

2.3 

QD2 

0.05 

-2.1 

QF3 

0.1 

0.97 

QD3 

0.1 

-2.4 

QF4 

0.1 

0.52 

QD4 

0.1 

-2.08 

QF5 

0.1 

1.76 

Fig.  5.  The  beam  trajectories  at  the  turning  point  of  the  a-magnet. 


ct  magnet 


Fig.  6.  The  schematic  view  of  the  optimized  KHI  FEL  device. 
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produce  a  high  peak  current  density  which  is  ex¬ 
pected  to  produce  high  FEL  gain  and  to  allow  the 
electron  beam  to  pass  easily  through  the  undulator 
gap  of  8  mm  which  the  FEL  wavelength  requires. 
Therefore,  FEL  lasing  of  the  KHI  FEL  device 
should  be  achieved  easily. 

The  KHI-FEL  will  be  constructed  in  April,  1999. 
Simulated  and  optimized  beam  optics  will  be  mea¬ 
sured  and  confirmed. 
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Concept  of  electron  beam  diagnostic  for  the  VUV  SASE  FEL  at 
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Abstract 

The  electron  beam  trajectory  inside  an  undulator  with  integrated  strong  focusing  quadrupoles  is  disturbed  by  any  kind 
of  magnetic  or  alignment  errors  of  the  guiding  field.  The  electron  and  photon  beam  must  overlap  over  the  entire 
undulator  length  to  achieve  an  optimum  output  of  the  TTF  FEL  (A  VUV  Free  Electron  Laser  at  the  TESLA  Test 
Facility:  Conceptual  Design  Rep,  DESY  Print  TESLA-FEL  95-03,  Hamburg,  1995).  Therefore,  it  is  necessary  to  measure 
and  correct  the  electron  beam  trajectory.  The  orbit  correction  in  the  undulator  is  based  on  two  principles  of  orbit 
measurement.  The  absolute  position  of  the  electron  beam  inside  the  undulator  can  be  measured  at  4  points  of  support 
with  calibrated  monitors.  The  second  method  of  measuring  the  beam  trajectory  is  a  beam  based  alignment  algorithm 
which  uses  relative  orbit  changes  at  30  distributed  beam  position  monitors  along  the  undulator.  A  mismatching  of  the 
optic  at  the  entrance  of  the  undulator  can  be  seen  by  measuring  the  beam  size  at  different  locations  along  the 
undulator.  ©  1999  Published  by  Elsevier  Science  B.V.  All  rights  reserved. 


1.  Introduction 

The  TTF  FEL  uses  an  undulator  with  integrated 
strong  focusing  quadrupoles.  The  undulator  con¬ 
sists  of  three  undulator  sections  with  integrated 
strong  focusing  quadrupoles.  Each  undulator  sec¬ 
tion  contains  10  quadrupole  magnets  building 
a  FODO  structure.  At  the  entrance,  the  exit  and  in 
between  the  undulator  sections  diagnostic  blocks 
are  installed  as  shown  in  Fig.  1.  Orbit  deviations 
inside  the  undulator  are  introduced  by  unknown, 
random  dipole  kicks,  due  to  the  error  in  the  planar 
undulator  structure,  and  kicks  due  to  misaligned 
quadrupoles.  To  correct  the  errors  of  the  30 


*  Corresponding  author.  Tel.  +  49-40-8998-3510;  fax:  +  49- 
40-8998-4305. 


quadrupoles,  for  each  quadrupole  a  steerer  and 
a  beam  position  monitor  (BPM)  are  installed. 

The  diagnostic  inside  the  undulator  is  necessary 
to  align  the  electron  beam  within  10  pm  rms  devi¬ 
ation  to  a  straight  line.  This  ensures  the  overlap  of 
the  electron  and  photon  beam  over  the  entire  undu¬ 
lator  length  to  keep  the  gain  reduction  of  the  FEL 
smaller  than  15%  in  phase  1  of  the  TTF  FEL 
project  [1].  It  is  foreseen  to  use  the  undulator  at 
electron  beam  energies  between  200  and  500  MeV. 
Due  to  the  fact  that  the  magnet  strength  is  fixed 
inside  the  undulator  the  optical  functions  inside  the 
undulator  change  with  the  beam  energy.  To  get 
a  periodic  beta  function  the  optic  is  adapted  to  the 
beam  energy  at  the  entrance  of  the  undulator. 
A  mismatching  of  the  optic  at  the  entrance  of  the 
undulator  can  be  detected  by  using  four  wire 
scanners  along  the  undulator. 
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3  undulator  sections 


Fig.  1.  Three  undulator  sections  with  four  diagnostic  blocks. 


2.  Different  type  of  monitors  for  the  undulator 

To  measure  the  orbit  deviations  due  to  quadru¬ 
ple  errors  two  different  methods  can  be  used. 

1.  The  absolute  beam  position  with  respect  to  the 
undulator  axis  can  be  measured  at  several  points 
of  support  and  then  be  corrected.  This  is  done  by 
calibrated  wire  scanners  [2-4],  which  allow  the 
electron  beam  position  to  be  measured  in  the 
reference  frame  of  the  undulator. 

2.  In  a  second  step  a  beam  based  alignment  pro¬ 
cedure  is  used  to  reduce  the  offset  over  the  entire 
undulator  [5,6]. 

The  absolute  error  of  the  electron  beam  orbit 
with  respect  to  the  undulator  axis  is  measured  by 
means  of  several  wire  scanners  which  are  located 
before,  after  and  between  the  undulator  sections. 
The  wire  scanner  uses  a  carbon  or  quartz  wire  of 
5  pm  diameter,  which  moves  through  the  beam. 
The  beam  profile  is  obtained  by  measuring  the 
bremsstrahlung  emitted  from  electrons  hitting  the 
wire  as  a  function  of  the  wire  position  [2,3]. 

The  same  wire  scanner  can  be  used  as  a  slow  or 
a  fast  wire  scanner.  Slow  means  that  for  each  macro¬ 
pulse,  consisting  of  800  single  bunches  with  1  MHz 
repetition  rate  (see  Table  1)  only  one  wire  position 
inside  the  beam  pipe  is  measured  without  moving 
the  wire. 

Fast  means  that  during  one  macropulse  the  full 
beam  profile  and  beam  position  is  measured.  In 
both  cases  the  wire  scanner  cannot  give  the  beam 
position  with  only  one  single  electron  bunch. 


Table  1 

Parameters  of  TTF  FEL  Phase  /  [1] 


Beam  energy 

200-500  MeV 

Normalized  emittance 

2  7i  mm  mrad 

Average  beam  size  inside  the  undulator 

0.08  mm 

Charge  per  bunch 

0.1-1  nC 

Bunch  repetition  rate 

1  MHz 

Macropulse  repetition  rate 

up  to  10  Hz 

Macropulse  length 

up  to  800  ps 

Chamber  diameter  inside  the  undulator 

9.6  mm 

Number  of  undulator  sections 

3 

Undulator  gap  height 

12  mm 

Undulator  section  length 

4.5  m 

Undulator  period  length 

27.3  mm 

Gradient  inside  the  undulator 

12.5  T/m 

Number  of  BPM’s  inside  one  section 

10 

Number  of  diagnostic  blocks 

4 

Number  of  wire  scanners 

4  hor.  and  4  ver. 

Number  of  cavity  monitors 

4  hor.  and  4  ver. 

The  wire  scanners  define  a  reference  axis  through 
the  entire  undulator  with  an  absolute  accuracy 
better  than  15  pm.  This  is  achieved  by  calibrating 
the  wire  position  with  respect  to  the  reference  mark 
on  the  wire  scanner  front  plate  (see  Fig.  4).  This  is 
done  before  the  installation  of  the  complete  assem¬ 
bly.  The  reference  mark  is  then  used  to  define  the 
position  of  the  wire  in  the  undulator  coordinate 
system  after  the  installation  of  the  complete  undu¬ 
lator  system.  The  resolution  of  the  beam  position 
measurement  with  the  wire  scanner  is  of  the  order 
of  1  pm  [3]. 

In  a  second  step  the  wire  scanner  will  be  used  to 
calibrate  cavity  monitors  [7]  which  are  located  in 
the  same  diagnostic  block  (see  Fig.  2).  The  cavity 
monitor  is  a  non-destructive  device  and  allows  the 
position  of  a  single  electron  bunch  to  be  measured. 
This  is  the  reason  why  after  calibration  the  cavity 
monitor  will  be  the  standard  device  for  orbit 
measurements. 

To  allow  this  calibration  both  monitors  are 
located  in  a  so-called  diagnostic  block.  Each  diag¬ 
nostic  block  contains  a  pair  of  wire  scanners  for 
horizontal  and  vertical  beam  profile  and  position 
measurement  and  a  pair  of  cavity  monitors  (see 
Fig.  4).  A  cut  through  the  diagnostic  block  is  given 
in  Fig.  2. 

Fig.  3  shows  the  undulator  chamber  [10]  with 
integrated  BPMs  and  correctors,  which  are  used  for 
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Fig.  2.  Cut  through  the  diagnostic  block  showing  the  end  of  an 
undulator  section.  The  beam  is  coming  from  the  right.  On  the 
left  the  slits  in  the  beam  pipe  are  visible  which  allow  the  wire  to 
pass  through  the  beam. 


Fig.  3.  Typical  section  of  the  undulator  chamber  [10].  Steerer 
windings  and  the  4  channels  of  the  BPMs  are  visible. 


the  beam-based  alignment.  For  each  quadrupole 
inside  the  undulator  a  corrector  and  BPM  is  integ¬ 
rated  into  the  chamber.  Two  types  of  BPMs  are 
used,  both  optimized  for  short  electron  bunches 
and  both  allowing  a  single  bunch  position  measure¬ 
ment  with  an  accuracy  of  1  jim  [8,9].  This  should 
allow  the  trajectory  inside  the  undulator  to  be 
optimized  to  the  desired  rms  value  of  less  than 
10  pm  [5,6]. 


Fig.  4.  Diagnostic  block  with  part  of  the  undulator  chamber 
and  the  lower  part  of  the  undulator  magnet  structure.  The 
BPMs  and  steerer  are  visible. 


3.  Procedure  to  align  the  electron  beam 

Three  different  phases  can  be  distinguished. 

For  the  startup  the  electron  beam  must  be 
brought  through  the  undulator.  All  BPMs  can  be 
used  without  any  additional  alignment  or  calib¬ 
ration.  The  accuracy  due  to  mechanical  and  electri¬ 
cal  tolerances  of  the  monitors  of  a  few  hundred 
micro  meter  is  sufficient. 

To  protect  the  undulator  against  radiation 
damage  the  startup  will  be  done  with  only  a  few 
single  bunches  in  the  macropulse,  a  reduced 
macropulse  repetition  rate  and  a  reduced  charge 
per  electron  bunch  (0.1  nC  instead  of  InC,  see 
Table  1).  All  types  of  monitors  are  able  to  work  in 
this  mode. 

The  next  step  is  to  measure  the  electron  beam 
position  in  the  reference  frame  of  the  undulator 
with  the  wire  scanners  inside  the  diagnostic  blocks. 
The  electron  trajectory  is  now  fixed  at  4  points  with 
an  accuracy  better  than  15  pm. 

In  a  third  step  the  orbit  is  optimized  with  a  beam 
based  alignment  procedure.  Using  the  BPMs  and 
corrector  coils  inside  the  undulator  sections  (see 
Figs.  3  and  4)  it  should  be  possible  to  achieve 
a  straight  orbit  within  the  needed  10  pm  [5,6].  The 
BPMs  and  steerer  are  visible. 
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Fig.  5.  Matched  optic:  The  beta  functions  /?  and  the  horizontal 
dispersion  D(s )  are  shown  for  a  matched  optic  at  a  beam  energy 
of  200  MeV.  (x-axis:  longitudinal  position  in  (m),  undulator 
starts  at  32  m.)  The  vertical  dispersion  is  «  0.  (y-axis:  the  beta 
function  is  shown  as  (yffl/m  x  1/10)  and  the  horizontal  disper¬ 
sion  is  shown  as  (  —  D(s)/m  x  1/10000).) 

4.  Measurement  of  optical  mismatching 

The  beam  optic  before  the  undulator  must  be 
matched  to  the  optic  of  the  undulator  to  obtain 
a  regular  optic  inside  the  undulator.  Due  to  the 
constant  gradient  of  the  quadrupoles  the  matching 
depends  on  the  beam  energy.  A  good  matching 
results  into  the  same  beam  size  at  all  wire  scanner 
locations.  Fig.  5  shows  a  matched  optic.  A  mis¬ 
matching  causes  a  beta  beat  which  results  into  differ¬ 
ent  beam  sizes  at  the  locations  of  the  wire  scanners. 
This  can  be  measured  with  the  help  of  the  wire 
scanners  and  used  for  optimizing  the  matching. 
Fig.  6  shows  an  example  for  a  mismatched  optic. 


5.  Conclusion 

The  electron  beam  diagnostic  will  allow  an  easy 
start  up  of  the  FEL  undulator.  In  a  second  step  the 


Fig.  6.  Mismatched  optic:  the  beta  functions  and  horizontal 
dispersion  are  shown  for  a  mismatched  optic  at  a  beam  energy  of 
200  MeV.  Same  units  as  in  Fig.  5  are  used. 


necessary  precision  of  the  beam  trajectory  can  be 
achieved  by  a  precise  measurement  of  the  electron 
beam  orbit  in  the  reference  frame  of  the  undulator 
and  with  a  beam  based  alignment  procedure.  The 
wire  scanners  check  the  correct  matching  of  the 
beam  optics  to  the  undulator. 
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Abstract 

The  Boeing  version  of  the  PARMELA  code  has  been  modified  to  compute  the  space  charge  effects  for  electron  pulses 
with  highly  elliptical  transverse  cross-sections.  A  dynamic  gridding  routine  has  been  added  to  allow  good  resolution  for 
pulses  as  they  evolve  in  time.  The  results  from  calculations  for  the  chicane  buncher  in  the  1  kW  visible  FEL  beam  line  at 
Boeing  indicate  that  the  old  circular  algorithm  of  the  SCHEFF  subroutine  overestimates  the  emittance  growth  in  the 
bend  plane  by  30-40%.  ©  1999  Published  by  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Space  charge;  Microbunch  compression;  Simulation;  FEL 


1.  Introduction 

The  LANL-developed  PARMELA  code  is  a  very 
useful,  computationally  efficient  tool  for  electron 
beam  line  design,  but  it  relies  upon  simplifying 
assumptions.  One  critical  assumption  in  PARME¬ 
LA  is  that  the  electron  pulse  cross-section  is  nearly 
circular  through  the  beam  line.  This  is  strongly 
violated  in  the  buncher  of  the  1  kW  visible  FEL 
beam  line  currently  under  construction  at  The  Boe¬ 
ing  Company  in  Seattle  [1,2].  Modifications  have 
been  made  to  PARMELA  to  allow  modeling  pulses 
of  elliptical  cross  section.  These  changes  are  more 
general  than  those  presented  in  Ref.  [3].  A  dynamic 
grid  has  been  added  to  improve  resolution  as  the 
pulse  evolves  in  time. 
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The  modifications  are  described  in  Section  2. 
Section  3  presents  test  runs  showing  the  differences 
between  results  produced  by  the  old  (circular)  and 
new  (elliptical)  algorithms  in  the  SCHEFF  subrou¬ 
tine.  PARMELA  with  the  old  version  of  SCHEFF 
consistently  overestimates  the  emittance  increase  in 
the  buncher  by  approximately  30-40%. 

2.  PARMELA  modifications 

Modifications  have  been  made  to  PARMELA  to 
enhance  its  ability  to  model  electron  bunches 
which,  through  the  course  of  traversing  various 
beam  line  elements  such  as  the  bends  and  quadru- 
poles,  can  become  greatly  elongated  in  the  cross 
sectional  plane  (x,y).  The  PARMELA  SCHEFF 
subroutine  calculates  the  space  charge  impulse  ap¬ 
plied  to  a  macro-particle  at  each  time  step.  A  de¬ 
tailed  description  of  the  method  can  be  found  in 
Ref.  [4].  The  modifications  have  been  made  to  this 
section  and  related  subroutines. 
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2.1 .  SCHEFF  circular  method 

The  fundamental  assumption  made  in  the  old 
SCHEFF  subroutine  is  that  the  macroparticles 
within  the  electron  bunch  can  be  described  by  a  set 
of  concentric  circular  tori  with  rectangular  cross- 
section.  Fig.  1  shows  a  diagram  of  this  assumption. 
Each  torus  is  assumed  to  have  a  uniform  distribu¬ 
tion  of  charge,  and  the  charge  of  each  macro¬ 
particle  within  a  given  torus  is  spread  uniformly 
throughout  the  torus.  The  circular  tori  of  rectangu¬ 
lar  cross-section  can  be  described  by  a  rectangular 
grid  (also  called  the  mesh),  where  each  cell  within 
the  mesh  represents  the  intersection  of  a  given  torus 
with  a  radial  plane  (6  =  constant)  as  shown  in 
Fig.  1(c)  and  (d).  The  SCHEFF  subroutine  per¬ 
forms  all  the  calculations  in  the  rest  frame  of  the 
electrons  and  makes  the  assumption  that  all  the 
particles  are  stationary  in  this  frame.  The  mesh 
consists  of  a  grid  of  points  in  two-dimensional  (r,z) 
space  which  lie  in  between  the  rectangular  cells  of 


Fig.  1(d).  These  points  are  the  observation  points 
for  the  electric  fields  generated  by  the  tori  of  uni¬ 
form  unit  charge. 

The  electric  field  components  in  the  electrons’ 
rest  frame  are  Er  and  Ez .  Ee  vanishes  because  of  the 
assumed  azimuthal  symmetry.  The  components  are 
computed  at  each  observation  point  by  performing 
a  two-dimensional  integration  in  (r,z)  space,  where 
each  element  of  integration  is  actually  a  circular 
ring  of  charge  that  intersects  the  cell.  The  expres¬ 
sions  for  the  electric  field  in  the  electrons’  rest  frame 
in  MKS  units  at  an  observation  point  r  are  as 
follows  (see  Ref.  [3]  for  a  more  detailed  derivation): 

1  q  la 

V’Z  4n£0  2na  r\_z2  +  (r  +  a)2']112 

x  [^(fe)  “  +((r  +  a)2^} 

^  1  q  4azE(k) 

Er(T,Z)  =  4ne^2na [z2  +  (r  +  a)2],,2[z2  +  (r  -  of] 


Fig.  1.  The  SCHEFF  method  models  the  electron  bunch  (a)  as  a  collection  of  concentric  tori  of  rectangular  cross-section  (b).  Each  torus 
in  (b)  is  assumed  to  have  a  uniform  distribution  of  charge,  the  total  of  which  equals  the  sum  of  all  charges  in  the  torus.  The  tori  can  be 
described  on  a  two-dimensional  grid  (d)  where  each  rectangular  cell  is  the  intersection  of  a  torus  with  a  radial  plane  ( 6  =  constant)  (c). 


B.E.C.  Koltenbah,  C.G.  Parazzoli  /  Nuclear  Instruments  and  Methods  in  Physics  Research  A  429  (1999)  281-286 


283 


(a) 


Fig.  2.  The  modifications  in  SCHEFF  now  model  the  electron  bunch  as  a  collection  of  concentric  elliptical  tori  of  rectangular 
cross-section  as  shown  in  (a).  The  two-dimensional  grid  shown  in  (b)  is  the  cross-section  of  the  tori  along  the  x-axis,  or  6  =  0. 


where  k  —  [4 ar/(z2  +  (r  +  a)2)] 1/2  and  E  and  K  are 
the  complete  elliptical  integrals  of  second  and  first 
kind,  respectively. 

We  note  at  this  point  that  we  use  the  original 
SCHEFF  method,  although  we  have  not  verified 
that  the  charge  assignment  and  field  interpolation 
functions  are  symmetric  and  thus  assure  particle 
momentum  conservation  [5]. 

2.2.  The  SCHEFF  elliptical  method 

The  critical  modifications  made  to  SCHEFF  and 
related  subroutines  extend  the  circular  modeling  of 
the  electron  bunch  to  allow  for  bunches  of  elliptical 
cross-section.  The  process  is  essentially  the  same  as 
with  the  circular  torus  method  described  above, 
except  that  the  new  algorithm  relaxes  the  assump¬ 
tion  of  azimuthal  symmetry. 

The  electron  bunch  is  assumed  to  have  ellipti- 


same  ellipticity  e  (ratio  of  semi-minor  to  semi¬ 
major  axes)  and  orientation,  but  not  the  same  foci. 
Once  again,  the  elliptical  tori  may  be  characterized 
by  a  two-dimensional  rectangular  (r,  z)  grid.  In  the 
circular  case,  this  grid  could  be  arbitrarily  defined 
as  the  intersection  of  the  tori  with  (0  —  constant) 
radial  plane.  Now  this  new  grid  represents  the 
intersection  of  the  tori  with  the  0  =  0  radial  plane. 
Note  that  the  “radial  width”  of  the  cross-sections 
has  a  0-dependence  due  to  the  change  in  perpen¬ 
dicular  distances  as  a  function  of  9. 

Again,  the  normalized  electric  field  is  computed 
at  every  observation  point.  Due  to  elliptical  sym¬ 
metry,  only  the  electric  field  values  for  0  <  9  <  rc/2 
need  to  be  computed.  The  integral  expressions 
for  the  electric  fields,  in  the  electron  rest  frame, 
at  the  location  r(r,0,z),  due  to  an  elliptical  torus 
of  uniform  unit  charge  and  ellipticity  e  may  be 
expressed  as 
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cal-cylindrical  symmetry,  and  it  is  modeled  as 
a  group  of  elliptical  tori  of  rectangular  cross-sec¬ 
tion  as  seen  in  Fig.  2.  Note  that,  in  the  transverse 
plane,  these  ellipses  are  concentric,  not  confocal. 
That  is,  they  share  the  same  center  as  well  as  the 


where  u  =  Jx’2  +  ( y'/e)2 ,  v  =  arctan((j//e)/x')5 
r'  =  Uyji cos2  v  +  e2  sin2  v,  9’  =  arctan(e  tan  v),  and 
the  volume  of  integration  is  over  the  torus: 
v  =  0-27t  (the  analogous  azimuthal  variable); 
u  =  7T  to  r2  (the  analogous  radial  variable  along  the 
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semi-major  axis);  z  =  z±-z2  (the  longitudinal  vari¬ 
able).  There  are  no  known  closed-form  solutions 
for  these  integrals,  so  an  additional  numerical  in¬ 
tegration  is  required.  Note  that  in  the  limit  where 
the  ellipses  are  actually  concentric  circles  (e  =  1),  u 
and  v  become  r  and  6,  and  the  proper  limit  for  the 
circular  case  is  retrieved. 

2.3.  Dynamic  gridding 

Another  modification  made  to  the  SCHEFF 
subroutine  involves  the  dynamic  gridding  of  the 
(x  =  r,z)  space  shown  in  Fig.  1.  On  each  call  to 
SCHEFF,  the  extents  and  characteristics  of  the 
bunch  are  checked,  and  if  the  parameters  of  the 
bunch  have  not  changed  by  more  than  a  prescribed 
amount,  then  the  old  grid  is  used.  If  a  pertinent 
parameter  has  changed,  then  the  grid  is  re-meshed 
and  the  program  continues.  This  is  repeated  as 
often  as  necessary.  The  parameters  that  are  checked 
are  the  bunch’s  radial  and  longitudinal  extents  and 
its  ellipticity. 

3.  Comparison  of  circular  and  elliptical  algorithms 

Several  test  runs  have  been  made  to  evaluate  the 
differences  arising  from  using  the  new  elliptical 
algorithm  versus  the  old  circular  algorithm.  We 
will  report  here  only  on  the  calculations  for  the 
buncher  of  the  Boeing  visible  FEL  beam  line  [1,2]. 
The  buncher  is  shown  in  Fig.  3  along  with  its 
physical  attributes.  The  chicane  buncher  operates 
at  about  20  MeV,  where  the  three-dipole  bending 
magnets  (shaded  regions)  have  field  strength  of 
1340  G.  With  an  energy  slew  of  —  510  keV/cm,  the 
electron  pulse  enters  the  buncher  with  length  L  and 
exits  with  an  approximate  length  of  L/6.  The  elec¬ 
tron  pulse  is  shown  to  emphasize  its  orientation 
through  the  buncher;  its  size  is  exaggerated  for 
emphasis. 

The  middle  of  the  electron  pulse  bends  along  the 
dashed  line  of  Fig.  3.  The  head  of  the  pulse,  having 
a  smaller  energy  than  the  middle,  bends  with 
a  smaller  radius  of  curvature,  and  the  tail  of  the 
pulse,  having  a  larger  energy  than  the  middle, 
bends  with  a  larger  radius  of  curvature.  As  a  result, 
the  pulse  does  not  directly  follow  the  path,  but 


2nd  Dipole  :  -  60° 


Fig.  3.  Diagram  of  the  20  MeV  chicane  buncher. 


10  20  30  40 


E0  [MeV] 

Fig.  4.  Normalized  x  (bend)  plane  rms  emittance  for  varying 
energies  of  the  electron  pulse  at  the  buncher  entrance  from  old 
(circular  algorithm)  calculations  (solid  line),  and  new  (elliptical 
algorithm)  calculations  (dashed  line).  The  normalized  entrance 
emittance  in  the  x  and  y  plane  is  1.0  %  mm  mrad,  the  pulse  charge 
is  3.0  nC,  the  superimposed  energy  slew  is  —  510  keV/cm. 


rather  is  twisted.  While  in  the  second  dipole,  the 
pulse  comes  back  together,  however  the  length  of 
the  pulse  becomes  compressed  due  to  the  difference 
in  path  lengths  of  the  electrons  from  the  tail  to  the 
head.  During  the  third  bend,  the  compression  of  the 
pulse  is  halted.  The  electron  pulse  parameters  and 
the  results  of  the  calculations  are  shown  in  Fig.  4. 

The  results  with  the  new  elliptical  algorithm  pre¬ 
dict  that  emittance  will  grow  in  the  bend  (x-)  plane 
30-40%  less  than  the  circular  results  indicate.  Both 
algorithms  show  negligible  emittance  growth  in  the 
y-plane. 
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Fig.  5.  Difference  between  particle  energy  and  average  pulse  energy  versus  longitudinal  particle  position  relative  to  the  bunch  centroid 
position,  (a)  at  the  entrance  of  the  buncher,  (b)  at  the  exit  of  the  buncher  from  the  elliptical  and  (c)  circular  calculations.  The  electron 
bunch  parameters  are  the  same  as  in  Fig.  4. 


x  [cm] 

Fig.  6.  Electron  bunch  y-x  cross-section  plots  from  the  elliptical  calculations  at  the  (a)  entrance  and  (b)  exit  of  the  buncher  and  (c)  from 
the  circular  calculations  at  the  exit  of  the  buncher. 


Through  the  course  of  the  runs,  the  ellipticity 
was  monitored  and  found  to  be  on  the  order  of 
e  =  0.01  through  the  middle  of  the  buncher. 
Clearly,  modeling  the  electron  bunch  as  a  collection 
of  circular  tori  with  uniform  charge  distribution 
does  not  seem  adequate  for  such  a  highly  elliptic 
bunch. 

A  careful  scrutiny  of  the  phase  spaces  of  the 
particles  at  the  exit  of  the  buncher  shows  that  the 
spot  size  computed  by  the  elliptical  tori  method  is 
smaller  than  the  one  computed  by  the  circular  tori 


method.  Phase  space  plots  for  both  elliptical  and 
circular  runs  for  E0  =  20  MeV  are  shown  in  the 
following  figures.  Fig.  5  shows  the  difference  be¬ 
tween  the  particle  energy  and  the  average  energy 
versus  the  particles  longitudinal  position.  The  en¬ 
ergy  spread  of  the  pulse  at  the  exit  is  slightly  larger 
in  the  circular  case,  however  in  both  cases  the 
particles  are  “bunched”  by  the  same  amount, 
roughly  by  80%  from  a  length  of  about  4-0.8  cm. 

The  current  pulse  shape  at  the  buncher  exit  is 
nearly  identical  in  both  sets  of  calculations.  The 
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Fig.  7.  x-(bend)  plane  transverse  phase  space  from  the  elliptical  calculations  at  the  (a)  entrance  and  (b)  exit  of  the  buncher  and  from  the 
(c)  circular  calculations  at  the  exit  of  the  buncher. 


differences  between  the  results  of  the  elliptical  and 
circular  calculations  are  most  apparent  when 
comparing  the  spot  size  and  shape  as  well  as  the 
transverse  phase  space.  Fig.  6  shows  the  (y,  x)  cross- 
section  view  of  the  particle  bunch  at  the  entrance 
and  exit  of  the  buncher.  In  the  elliptical  calcu¬ 
lations,  it  is  clear  that  the  electron  bunch  spot  size  is 
smaller  at  the  exit  of  the  buncher,  and  it  remains 
more  symmetric  than  in  the  circular  calculations. 

Fig.  7  shows  a  comparison  of  the  x-transverse 
phase  space,  the  bend  plane,  from  both  calcu¬ 
lations.  Here  the  differences  in  results  are  most 
clear.  The  reduction  in  emittance  from  the  circular 
to  elliptical  calculations  can  be  surmised  from  the 
exit  transverse  phase  space  since  emittance  is  re¬ 
lated  to  the  area  of  these  plots.  In  both  cases,  the 
transverse  phase  space  is  not  symmetrical,  but  the 
asymmetry  and  amount  of  divergence  is  more  pro¬ 
nounced  in  the  circular  calculations  than  in  the 
elliptical  calculations. 

4.  Summary  and  conclusion 

The  Boeing  version  of  the  PARMELA  code  has 
been  modified  to  compute  more  correctly  the  space 
charge  effects  for  electron  pulses  with  highly  ellipti¬ 


cal  transverse  cross-sections.  A  dynamic  meshing 
routine  has  been  added  to  allow  good  resolution 
for  pulses  that  undergo  significant  changes  in  their 
longitudinal  or  transverse  dimensions.  The  results 
from  the  calculations  for  the  chicane  buncher  of  the 
1  kW  visible  FEL  line  at  Boeing,  indicate  that  the 
old  circular  algorithm  of  the  SCHEFF  subroutine 
overestimates  the  emittance  growth  in  the  bend 
plane  by  30-40%. 
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Abstract 

We  show  that  by  observing  coherent  off-axis  undulator  radiation  (COUR)  from  a  short  diagnostic  wiggler,  it  may  be 
possible  to  determine  the  length  and  structure  of  a  short  electron  bunch.  Typically  the  on-axis  undulator  radiation  is 
incoherent,  but  at  angles  of  a  few  degrees,  the  wavelength  of  the  emitted  radiation  may  be  comparable  to  the  length  of 
a  short  electron  bunch,  and  thus  coherence  effects  emerge.  Due  to  such  coherence  effects,  the  intensity  of  the  emitted 
radiation  may  change  by  up  to  a  factor  of  109  as  the  angle  of  observation  is  increased.  The  radiation  becomes  coherent  in 
a  way  which  depends  on  the  length  and  structure  of  the  electron  bunch.  Observing  COUR  disturbs  the  electron  bunch 
negligibly.  Thus,  COUR  can  be  used  as  a  non-destructive  diagnostic  which  would  allow  for  optimization  of  FEL 
performance  while  an  FEL  is  operating.  Such  a  diagnostic  could  be  used  for  proposed  SASE  FELs,  which  use  short 
electron  bunches.  We  present  two  methods  to  describe  the  theory  for  COUR,  and  we  use  these  methods  to  calculate  the 
expected  outcome  of  a  COUR  experiment.  We  propose  an  experiment  to  demonstrate  COUR  effects  and  their 
applications  to  SASE  FELs.  ©  1999  Published  by  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  SASE  FELs;  FEL;  Beam  diagnostic;  Undulator  radiation;  Off-axis  undulator  radiation 


1.  Introduction 

For  decades  there  has  been  interest  in  obtaining 
coherent  radiation  from  free  electrons.  Schwinger 
discussed  the  properties  of  radiation  from  acceler¬ 
ated  electrons  in  1949  [1],  and  the  (unwanted) 
coherent  radiation  in  a  synchrotron  was  studied 
theoretically  in  the  early  1950s  [2].  Also  in  that 
decade,  the  idea  existed  to  make  use  of  coherent 
mm- wave  radiation  from  bunched  electrons  [3].  In 
recent  years,  different  methods  have  been  used  to 
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obtain  coherent  radiation  from  free  electrons  [3]. 
These  methods  include  passing  electrons  though 
thin  metal  foil  to  produce  transition  radiation 
[4,5],  generating  synchrotron  radiation  from  bend¬ 
ing  magnets  [6],  passing  electrons  near  a  metal 
grating  to  produce  Smith-Purcell  radiation  [7,8], 
and  generating  undulator  radiation  by  passing 
electrons  through  periodic  arrays  of  magnets 
[9,10].  In  our  study,  we  investigate  the  possibility 
of  obtaining  coherent,  mm-wave  radiation  by 
observing  undulator  radiation  at  an  angle  to  the 
beam  axis  in  cases  where  the  on-axis  radiation  is 
incoherent  [11]. 

In  addition,  there  is  a  continuing  challenge  to 
accurately  characterize  short  electron  bunches. 
There  has  been  much  interest  in  recent  years  in 
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producing  ultra-short  electron  bunches  for  SASE 
(self-amplified  spontaneous  emission),  or  single¬ 
pass,  FELs  [12-15]  and  for  linear  colliders.  One 
planned  SASE  FEL  experiment  will  use  the 
PALADIN  wiggler  at  Duke  [14].  The  quality  of 
the  electron  beam  is  of  utmost  importance  for  these 
applications;  and  beam  characteristics  and  their 
effects  on  FEL  performance  have  been  studied  ex¬ 
tensively  [16,17].  It  would  be  extremely  useful  to 
have  a  device  which  could  characterize  a  short 
electron  bunch  without  disturbing  the  electron 
beam.  Then  the  electron  beam  could  be  used  for  an 
experiment  while  it  is  being  diagnosed  in  real  time. 
For  example,  a  SASE  FEL  requires  an  accurately 
characterized  short  electron  bunch.  With  a  non¬ 
destructive  beam  diagnostic,  the  electron  bunch 
length  could  be  known,  and  the  FEL  output  could 
be  optimized  while  the  FEL  is  operating. 

Our  study  shows  that  it  may  be  possible  to  use 
coherent,  off-axis  undulator  radiation  (COUR)  to 
determine  the  length  and  structure  of  an  electron 
bunch  in  real  time.  As  the  angle  of  observation 
9  changes  from  0°  to  angles  as  large  as  15°,  the 
emitted  undulator  radiation  changes  from  incoher¬ 
ent  to  coherent  in  a  way  that  is  dependent  on  the 
length  and  structure  of  the  electron  bunch.  Further¬ 
more,  since  no  rearrangement  of  the  electrons  in 
a  bunch  (microbunching)  is  necessary  in  order  to 
obtain  COUR,  a  short  wiggler  may  be  used.  Thus, 
the  electron  bunch  is  passed  relatively  undisturbed. 
The  result  is  the  possibility  of  a  non-destructive 
electron  beam  diagnostic. 


2.  Theory 

2.1.  Introduction 

Coherence  effects  may  be  present  in  undulator 
radiation,  depending  on  the  angle  of  observation. 
Typically  an  electron  bunch  is  longer  than  the 
wavelength  of  light  which  is  emitted  on-axis  from 
a  wiggler.  For  example,  an  electron  bunch  may  be 
a  few  hundred  microns  long,  and  the  emitted  on- 
axis  radiation  may  have  a  wavelength  of  1  pm.  In 
this  case,  assuming  a  “smooth”  longitudinal  elec¬ 
tron  bunch  distribution,  the  radiation  is  incoherent, 
and  the  intensity  scales  linearly  with  the  number  of 


Fig.  1.  2(0)  for  various  beam  energies.  Note  that  9  >  5°,  2(0)  is 
independent  of  electron  beam  energy. 


electrons,  which  is  generally  on  the  order  of  109. 
However,  at  angles  to  the  axis,  coherence  effects 
may  emerge.  The  wavelength  of  the  radiation  by  an 
electron  in  a  wiggler  increases  with  the  angle  of 
observation: 

2(9)  =  ^  [(1  +  al)  cos  9  +  2y2(l  -  cos  0)]  (1) 

2  y 

where  2W  is  the  wiggler  period,  aw  is  the  wiggler 
parameter,  and  y  is  the  relativistic  factor  for  the 
electron  beam  [18]  (see  Fig.  1).  When  this 
wavelength  is  longer  than  the  electron  bunch,  the 
radiation  will  be  coherent.  At  9  =  15°,  for  example, 
the  radiation  may  have  a  wavelength  of  1  mm  or 
more  which  is  much  longer  than  a  short  electron 
bunch,  say  200  pm.  The  electrons  thus  radiate 
coherently,  and  the  intensity  scales  quadratically 
with  the  number  of  electrons.  At  intermediate 
angles,  such  as  9  =  5°,  the  wavelength  of  the  emit¬ 
ted  radiation  may  be  comparable  to  the  bunch 
length,  and  some  coherence  effects  should  be 
observed. 

As  the  angle  of  observation  is  gradually  changed 
from  small  to  larger  angles,  the  radiation  observed 
will  become  more  coherent,  and  the  intensity  will 
change  by  up  to  a  factor  of  N,  the  number  of 
electrons,  where  N  is  generally  on  the  order  of  109. 
The  way  this  intensity  changes  with  the  angle  of 
observation  will  depend  on  the  dimensions  and 
structure  of  the  electron  bunch.  Thus  by  observ¬ 
ing  the  radiation  spectrum  through  a  range  of 
angles,  one  can  potentially  characterize  an  electron 
bunch. 
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To  calculate  the  total  power  radiated  at  various 
angles,  two  methods  are  used:  a  multi-mode  analy¬ 
sis  and  a  dP/dQ  analysis.  The  multi-mode  analysis 
involves  expanding  the  vector  potential  of  the  radi¬ 
ation  in  a  set  of  orthogonal  Gaussian  optical 
modes,  and  calculating  the  energy  radiated  into 
each  mode.  The  dP/dQ  analysis  allows  for  a  calcu¬ 
lation  of  the  total  energy  radiated.  The  multi- 
mode  analysis  is  a  novel  technique  in  elec¬ 
trodynamics  [11],  and  for  the  single-electron  case 
it  is  not  limited  to  the  far-field  as  is  the  dP/dQ 
analysis. 

2.2.  Multi-mode  analysis ,  single  electron 

In  order  to  calculate  the  energy  of  the  expected 
COUR  for  a  given  angle,  we  expand  the  vector 
potential  in  a  set  of  orthogonal  modes  (see  Fig.  2) 
and  derive  an  expression  for  the  evolution  of  each 
mode  amplitude  as  the  electron  passes  through  the 
wiggler.  From  this  mode  amplitude,  the  energy 
deposited  into  the  mode  is  obtained.  The  result 
simplifies  for  the  single-electron  case.  For  a  bunch 
of  N  electrons,  the  result  involves  a  bunch  form 
factor,  which  accounts  for  the  effects  of  the  bunch 
dimensions. 

The  vector  potential  is  expanded  in  Gauss- 
Laguerre  optical  modes  and  longitudinal  cavity 


Fig.  2.  Geometry  for  a  multi-mode  analysis  of  COUR  showing 
a  Gaussian  optical  mode  at  an  angle  0  to  the  electron  beam  axis. 
The  electron  motion  is  in  the  x'  —  z’  plane,  and  z  is  the  optic  axis. 


modes: 


q  —  i(kz  —  <at) 

^  &kpq  {i)^kpq  (**)  j— - 

k,p,q  \/Ucav 
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where 
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x  q  ~ r2/w(z)2  +  i[(2p  +  q+l )tan  1  <z/z«)  +  q<j>] 
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w(z)2  =  Wo 


1  + 


21 


w0  is  the  minimum  spot  size,  zR  =  kwl/2  is  the 
Rayleigh  range,  and  Lcav  is  the  cavity  length  (the 
cavity  is  theoretical,  and  the  final  result  does  not 
depend  on  Lcav). 

The  modes  ukpq  (r)  e  ~ i(kz  “  satisfy  the 

wave  equation 


taking  into  account  the  slowly  varying  envelope 
approximation,  which  assumes  that  the  envelope  of 
A(r,  t)  varies  slowly  compared  to  its  oscillations  in 
time.  The  modes  also  satisfy  the  orthogonality  con¬ 
dition 


1  (* 


■i  (k-k')z 


d3rukpq(r)u$p,q'(r) 


^kk'^pp’^qq'' 


(5) 


The  expansion,  Eq.  (2),  is  inserted  into  the  wave 
equation  for  the  vector  potential, 


V-  -  PoZo^2  )A(r,  t)  =  -  PoAr>  t) 


(6) 


and  Eqs.  (4)  and  (5)  and  the  slowly  varying  envelope 
approximation  are  used  to  obtain  the  following 
result: 


&kpq{t)  akpq{ty  F 


2ico£0  J 


f%t  f 

dt 

0  J. 


d3rJx(r,  t)U*pq(r,  t) 

(7) 
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which  describes  the  time  evolution  of  the  mode 
amplitude.  This  is  ultimately  evaluated  at  the  time 
when  the  electron  leaves  the  wiggler.  The  analysis 
up  to  this  point  is  known  as  an  A  J  (pronounced 
“A  dot  J”)  analysis  [19]. 

The  electron  current  density  can  be  expressed  as 
j(rj)  =  -  ecfi(t)p(r,t),  where  p(r,t)  is  the  electron 
charge  density,  and  P{t)  is  the  electron  velocity 
normalized  by  c.  For  a  single  electron,  a  point 
particle,  p(r,  t)  =  S{r  -  re(t)),  where  re(t)  is  the 
electron  trajectory,  and  Eq.  (7)  reduces  to 


&kpq(t)  ~  &kpq{ty  T 


d  tpx(t)ULq(re(t),  t). 


In  this  approximation,  the  electron  bunch  remains 
unmodified  by  the  interaction  with  the  optical  field. 

The  electron  velocity  in  the  primed  coordinates 
is  calculated  by  applying  the  Lorentz  force  equa¬ 
tion  to  the  periodic  wiggler  field: 


■  «w\/2 


cos(/cwz') 


2rT  +  2 


— ^  cos(2  kwz'). 

4y 


where  x‘c(t)  and  z'e(t)  are  given  by  Eqs.  (10),  and  pjt) 
and  PJt)  are  given  by  Eqs.  (9),  with  z'  «  fi2-ct: 

PA*)  =  ^^cos(/cw/?z-ct) 

y 


PAt)  =  Pz‘- -^2  cos(2 kwpz’Ct).  (12) 

The  total  energy  deposited  into  the  mode  is  cal¬ 
culated  from  the  mode  coefficient  akpr  The  spectral 
energy  is  given  by 


d  Wkpq 

__  fio 

dk 

”  2 

•/ 

d3r\B\2  =  £0co 2akpqatm  (13) 


where  E  =  —  dA/dt  &  i coA  follows  from  the  slowly 
varying  envelope  approximation.  The  total  energy 
Wpq  for  a  single  mode  is  given  by 


Wpq  =  X>2£0  akpiat \ 


Using  the  approximation  z'  «  pz>ct  these  equations 
of  motion  are  integrated  to  give  the  electron  traject¬ 
ory  in  the  primed  coordinates: 

x'Jl]  =  sm(KP-.-ct) 
yKPz' 

z'c(t)  =  p2.ct  -  -  sin(2 kwp^ct)  -  ^  (10) 

oy  kwPz'  ^ 

where 


&'  =  1 


2Lcav£o 

n 


2?l1+T 


and  L  is  the  wiggler  length.  At  t  =  0,  z'  =  —  L/2, 
and  the  particle  is  entering  the  wiggler. 

The  electron  trajectory  and  velocity  are  ex¬ 
pressed  in  the  unprimed  coordinates  as  follows: 

xe(t)  =  x'e(t)  cos  6  +  z'e(t)  sin  6 

ze(t)  =  z'e(t)  cos  6  —  x'e(t)  sin  6  (11) 

PM  =  Px<t)cosO  +  PAt)&inO 


d kco2akv,  at 


and  the  total  energy  is  given  by  W  =  Yjp^Pq- 


2.3.  —  analysis ,  single  electron 
d  Q 


The  total  power  radiated  by  COUR  is  also  cal¬ 
culated  by  using  a  dP/dQ  analysis,  which  gives  the 
total  power  radiated  in  a  solid  angle  d Q  by  an 
accelerated  electron.  The  result  is  valid  for  the  far- 
held  region  which,  for  a  0.5  m  wiggler,  would 
ideally  be  a  distance  of  about  5  m  from  the  wiggler. 
Shorter  distances  simply  scale  the  far-held  result. 

We  begin  with  Jackson  14.38  (in  SI  units),  which 
gives  the  power  radiated  per  solid  angle  by  an 
accelerating  electron  [22]: 

dP  _  J_  ^  l\hx{(h-P)xp}\2 
d Q  4ne0  4%  c  (1  —  n  *  p)5 


(15) 
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Fig.  3.  Coordinate  system  for  dP/dQ  analysis.  The  electron 
motion  is  in  the  Sc  —  z  plane,  and  h  is  the  direction  of  observa¬ 
tion. 


where  h  =  cos  6z  +  sin  Ox  is  the  direction  of  obser¬ 
vation  (see  Fig.  3).  /?  is  given  by  Eqs.  (12)  (without 
the  primes). 

The  total  power  is  given  by  P  =  (\/r2)(dP/dQ)AA, 
where  A  A  is  the  area  of  the  detector  and  r  is  the 
distance  of  the  detector  from  the  wiggler,  and  the 
total  energy  radiated  W  is  given  by  integrating  with 
respect  to  time. 

2.4.  N  electrons 


The  energy  deposited  in  a  mode  by  a  bunch  of 
N  electrons  includes  an  expression  which  is  related 
to  the  bunch  shape  [20,21]: 

Wtot  =  Wle-IN  +  N(N  -  1  )f(co)l  (16) 


where/(m)  is  the  bunch  form  factor  and  is  related  to 
the  function  that  represents  the  electron  bunch 
density: 


m  = 


dy  dz£(y)S(z)e 


—  iky  sin  d  +  i kz  cos  0 


2 


(17) 


S(y)  and  S(z)  represent  the  normalized  transverse 
and  longitudinal  electron  bunch  densities,  respec¬ 
tively.  Note  that  for  small  angles, /(co)  is  the  square 
of  the  Fourier  transform  of  the  function  which 
represents  the  longitudinal  density.  The  result 
shows  that  the  structure  of  the  bunch,  and  not  only 
the  bunch  size  (as  described  before),  affects  the 
intensity  of  the  radiation. 

Calculations  have  been  performed  with  the  code 
OFFAX  to  predict  the  outcome  of  an  experiment. 


0 [deg] 

Fig.  4.  The  effect  of  bunch  length  on  COUR.  y  -  400,  aw  =  1.44, 
L  =  0.5057  m.  The  dP/dQ  analysis  gives  the  total  energy  radi¬ 
ated.  For  the  multi-mode  analysis,  the  energy  in  the  lowest-order 
mode  is  calculated,  and  zR  =  1  m. 


In  Fig.  4,  the  energy  radiated  as  a  function  of  angle 
is  shown  for  several  bunch  lengths.  Note  the  close 
agreement  between  the  multi-mode  analysis  and 
the  dP/dQ  analysis.  Furthermore,  the  results  show 
that  a  large  fraction  of  the  total  energy  is  radiated 
into  the  lowest-order  optical  mode. 


3.  Experiment 

The  experimental  goals  are  as  follows: 

1.  To  observe  COUR  and  to  compare  with  calcu¬ 
lations. 

2.  To  use  data  from  the  emitted  radiation  to  infer 
the  structure  of  an  electron  bunch. 

3.  To  evaluate  this  technique  in  relation  to  other 
techniques. 

We  plan  to  perform  the  COUR  experiment  at  the 
Source  Development  Lab  (SDL)  at  Brookhaven 
National  Laboratory.  The  SDL  is  dedicated  to 
developing  sources  and  experiments  for  the  next 
generation  of  synchrotron  radiation  research.  The 
newly  constructed  linear  accelerator  is  scheduled  to 
produce  a  200  MeV  electron  beam  by  October 
1998.  Electron  bunches  will  range  from  20  pm  to 
1  mm  in  length  [23]. 

COUR  will  be  produced  on  this  beamline  from 
a  short  wiggler  which  is  a  prototype  for  the  10  m 
NISUS  wiggler.  This  0.5  m  NISUS  prototype  con¬ 
sists  of  13  periods,  each  3.89  cm  long,  a  peak  field  of 
5.6  kG,  and  a  wiggler  parameter  of  up  to  1.44  [24]. 
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Radiation  will  exit  the  beamline  via  a  mirror  and 
a  diamond  window,  and  will  be  detected  by 
a  liquid-helium-cooled  bolometer.  The  extremely 
sensitive  bolometer  has  a  responsivity  of  105  V/W, 
a  noise  level  of  10  nV/Hz1/2,  and  response  time  of 
1  ms  [25].  The  mirror  in  the  beamline  may  be 
moved  so  that  radiation  can  be  viewed  at  various 
angles. 

By  measuring  the  energy  radiated  at  various 
angles,  we  hope  to  verify  the  plot  shown  in  Fig.  4. 
Note  that  there  have  been  no  attempts  so  far  to 
observe  COUR  in  experiments. 


4.  Conclusion 

We  have  shown  that  when  an  electron  passes 
through  a  short  wiggler,  coherent  radiation  may  be 
emitted  at  angles  to  the  beam  axis.  The  way  this 
radiation  becomes  coherent  as  the  angle  of  obser¬ 
vation  changes  is  determined  by  the  size  and  struc¬ 
ture  of  the  electron  bunch.  Thus,  it  may  be  possible 
to  characterize  an  electron  bunch  by  observing 
COUR.  Producing  COUR  form  a  short  wiggler 
disturbs  the  electron  bunch  negligibly.  Thus,  this 
diagnostic  may  be  useful  in  cases  where  an  electron 
bunch  is  to  be  characterized  in  real  time  while  it  is 
being  used  for  another  purpose.  Specifically,  this 
electron  beam  diagnostic  would  be  useful  for  SASE 
FELs. 

We  have  shown  that  the  COUR  effects  are  inde¬ 
pendent  of  beam  energy.  Thus  this  electron  beam 
diagnostic  may  be  used  without  exact  knowledge  of 
the  beam  energy  or  in  cases  where  the  beam  energy 
is  not  stable. 

We  plan  to  conduct  an  experiment  to  demon¬ 
strate  COUR  at  the  Source  Development  Lab  at 
Brookhaven  National  Laboratory. 
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Abstract 

There  is  continued  interest  in  developing  a  diffraction-limited  soft  or  hard  X-ray  source.  Candidate  paths  include  the 
storage-ring-based  free-electron  laser  (FEL)  and  the  linac-based  self-amplified  spontaneous  emission  (SASE)  FEL  for  the 
two  regimes,  respectively.  As  previously  discussed,  target  beam  parameters  are  <jx  y  ~  10  pm,  =  lprad,  and 
at  ~  1  ps  (0.1  ps  for  the  linac  case).  We  report  the  use  of  few-  to  sub-angstrom  radiation  emitted  by  a  7-GeV  beam 
transiting  a  198-period  diagnostics  undulator  and  a  bending  magnet  to  characterize  the  particle  beam.  A  particle  beam 
divergence  as  low  as  oy  =  3.3  prad  was  measured  using  an  X-ray  monochromator.  Additionally,  a  particle  beam  size  of 
ay  <  45  pm  and  a  bunch  length  of  at  =  28  ps  with  4-ps  resolution  were  measured  using  an  X-ray  pinhole  camera  with 
a  unique  synchroscan  and  dual-sweep  X-ray  streak  camera  as  the  detector.  The  adjustable  pinhole  aperture  was  varied  by 
more  than  a  factor  of  100  to  assess  spatial  resolution  and  dynamic  range  issues  in  the  system.  These  diagnostics  demonstra¬ 
tions  should  scale  to  next-generation  applications.  ©  1999  Published  by  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  41.60.Cr;  41.60.Ap;  07.85.Qe 

Keywords:  Diagnostics;  SASE;  FEL;  Spatial  resolution;  X-ray  streak  camera;  Undulator 


1.  Introduction 

At  the  Rome  FEL  conference,  it  was  suggested 
that  the  pursuit  of  next-generation  light  sources 
would  involve  the  development  of  certain  diagnos¬ 
tic  capabilities  as  well  [1].  In  particular,  targeted 
beam  parameters  for  a  diffraction-limited  hard 
X-ray  source  are  <rx  y  ~  10  pm,  ax>y  ~  1  prad,  and 
at~  1  and  0.1  ps  for  the  storage-ring-based  case 
and  linac-based  case,  respectively.  We  report  here 
measurements  on  the  path  to  these  objectives  based 
on  detecting  few-  to  sub-angstrom  X-ray  synchro- 
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tron  radiation  (XSR)  emitted  by  a  7-GeV  e+  beam 
as  it  transitted  a  198-period  diagnostics  undulator 
as  well  as  a  separate  dipole  magnet.  From  the  first 
source  a  particle  beam  divergence  of  ey>  =  3.3  prad 
was  measured  using  an  X-ray  monochromator. 
From  the  second  source  a  particle  beam  size  of  tens 
of  microns  was  measured,  and  a  bunch  length  of  tens 
of  ps  with  few-ps  resolution  was  measured  using 
a  unique  synchroscan  and  dual-sweep  X-ray  streak 
camera  as  the  detector  in  an  X-ray  pinhole  system. 


2.  Experimental  background 

The  Advanced  Photon  Source  (APS)  is  a  third- 
generation  hard  X-ray  synchrotron  radiation  re¬ 
search  facility.  Its  main  particle  beam  parameters 
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include  a  7-GeV  beam  energy,  100-mA  stored  beam 
current,  and  a  8.2  x  10-9  mrad  natural  emittance. 
The  measurement  and  monitoring  of  particle-beam 
quality  is  one  of  the  operational  requirements.  In 
support  of  these  tasks  one  of  the  40  sectors  in  the 
ring  has  been  dedicated  to  particle-beam  diagnos¬ 
tics  using  both  optical  synchrotron  radiation  (OSR) 
and  XSR.  The  push  towards  lower  vertical  coupling 
to  enhance  X-ray  beam  brilliance  has  also  resulted 
in  providing  a  test  bed  for  techniques  for  measuring 
beam  parameters  in  one  plane  relevant  to  next- 
generation  sources.  As  shown  in  Table  1,  vertical 


Table  1 

APS  storage  ring  parameters  in  the  straight  section  (for  natural 
emittance  e  =  8.2  nm  rad) 


Coupling 

Parameter 

Horizontal 

Vertical 

Beta  (m) 

14.2 

10.1 

10% 

ox,y  (pm) 

325 

87.0 

10% 

ox-,y'  (prad) 

23 

8.6 

1% 

ox,y  (pm) 

340 

29.0 

1% 

oX’,y  (prad) 

24 

2.8 

0.1% 

(pm) 

341 

9.0 

0.1% 

aX',y  (prad) 

24 

0.9 

coupling  of  1%  implies  few-prad  divergence  and 
0.1%  coupling  implies  1  prad.  The  corresponding 
vertical  beam  sizes  are  29  and  9  pm.  As  shown 
schematically  in  Fig.  1,  our  techniques  include  an 
X-ray  pinhole  system  on  one  of  the  dipole  sources 
in  the  ring  and  an  X-ray  monochromator  on  the 
diagnostics  undulator.  The  adjustable  pinhole 
based  on  a  remotely  controlled  four-jaw  aperture  is 
located  10.1  m  from  the  source  resulting  in  a  magni¬ 
fication  of  1.67  at  the  photocathode  (PC)  of  the 
X-ray  streak  camera.  An  important  practical  aspect 
of  the  set-up  was  the  remote-controlled  positioning 
of  the  camera  using  three  stacked  translation 
stages.  These  stages  were  under  the  camera  main¬ 
frame  and  provided  x-,  y-,  and  z(f)-axis  motion. 
This  facilitated  the  alignment  of  the  strip  photo¬ 
cathode  (6  mm  (H)  x  50  pm  (V))  to  the  X-ray 
pinhole  image  field. 

The  Au  photocathode  provides  sensitivity  to 
radiation  from  at  least  10  eY  to  10  keV  and  has 
some  efficiency  at  energies  up  to  20-25  keY.  The 
soft  X-rays  are  strongly  attenuated  by  the  Be  win¬ 
dows  in  the  transport.  The  X-ray  tube  is  housed  in 
a  mainframe  compatible  with  the  plug-in  units 
of  the  Hamamatsu  C5680  series  [2].  For  these 
experiments  the  synchroscan  plug-in  provided  the 


Schematic  of  the  S35 
Sources  and  Beamlines 

Top  View 


Fig.  1.  A  schematic  diagram  of  the  APS  diagnostics  beamline.  The  X-ray  pinhole  and  X-ray  streak  camera  in  the  dipole  source  line  are 
indicated  as  well  as  the  monochromator  on  the  undulator  beamline. 
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vertical  (fast  time)  sweep  and  the  M5679  unit  the 
horizontal  (slow  time)  sweep. 

The  insertion  device  (ID),  or  diagnostics  undula- 
tor  in  this  case,  is  a  198-  period  permanent  magnet 
undulator  specified  by  APS  and  fabricated  by  STI 
Optronics,  Inc.  [3].  It  has  a  period  2U  =  1.8  cm  and 
length  L  =  3.56  m.  With  a  7-GeV  particle  beam, 
the  on-axis  fundamental  X  ~  0.5  A  can  be  deter¬ 
mined  from  Eq.  (1)  where  Xn  is  the  harmonic  wave 
number,  Xu  is  the  undulator  period,  y  is  the  Lorentz 
factor,  K  is  the  undulator  deflection  parameter,  and 
6  is  the  angle  with  respect  to  the  beam  axis: 

ue)=w{1+Y  +  y292}  (1) 

The  projected  on-axis  cone  angle  rjp0  from  Eq.  (2)  is 
2.6  prad  in  the  fundamental  compared  to  the  nom¬ 
inal  8-prad  divergence  of  the  APS  stored  e+  beam 
at  the  baseline  10%  vertical  coupling  and  for 
py  =  10.1  m  in  the  ID  straight  section: 


Beam  divergences  were  measured  using  an  in-air 
monochromator  based  on  a  Huber  goniometer, 
a  Si  (2  2  0)  or  Ge  (4  4  0)  crystal,  a  CdW04  converter 
crystal,  and  a  charge-coupled  device  (CCD)  cam¬ 
era.  The  converter  crystal  was  located  36.5  m  from 
the  ID  source  point  so  that  the  divergence  of  the 
particle  beam  was  the  largest  contributor  to  the 
~  26  keV  X-ray  beam  image’s  transverse  dimen¬ 
sions.  The  other  contributions  are  the  beam  trans¬ 
verse  size  and  the  undulator  radiation  cone.  The 
beta  functions  were  determined  independently,  and 
the  analysis  of  the  data  is  similar  to  that  done  by 
Tarazona  and  Ellaume  [4]. 

3.  Experimental  results 

In  this  section  we  discuss  results  on  beam  trans¬ 
verse  size,  bunch  length,  and  beam  divergence 
measurements  whose  values  are  relevant  to  future 
diffraction-limited  sources. 

Initial  reports  of  our  first  direct  measurements  of 
the  beam  transverse  size  and  beam  bunch  length 
using  a  unique  synchroscan  and  a  dual-sweep 


X-ray  streak  camera  have  been  reported  in  Ref.  [5]. 
However,  the  relevance  to  future  fourth-generation 
light  sources  based  on  an  FEL  mechanism  war¬ 
rants  reporting  directly  to  this  community  as  well. 
In  Fig.  2,  the  focus  mode  of  the  X-ray  camera  is 
used  to  display  (a)  the  Hg  light  (UV)  profile,  (b)  the 
pinhole  X-rays  illuminating  the  Au  PC,  and  (c)  the 
image  from  the  “off-axis”  photo  cathode  profile. 
The  respective  vertical  full-width  at  half-maximum 
(FWHM)  sizes  are  4.5,  9.1,  and  22.5  channels  (ch). 
The  conversion  factor  in  transverse  dimensions  is 
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Fig.  2.  Focus  mode  images  from  the  X-ray  streak  camera  for  (a) 
Hg  source  illumination,  (b)  X-rays  on  the  Au  PC,  and  (c)  X-rays 
on  the  “off-axis  disk  PC”. 
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Table  2 

Effects  of  pinhole  aperture  size  on  the  observed  vertical  profile  size 


Vertical  aperture 

Vertical  profile 

Observed  vertical 

Actual  vertical 

height3  (pm) 

FWHM  (pm) 

profile  <7est  (pm) 

profile  <rest  (pm)b 

20 

102 

43 

40.3 

30 

104 

44.3 

40.3 

40 

109 

46.2 

40.7 

60 

124 

53 

43.6 

■The  horizontal  aperture  size  was  held  constant  at  20  pm.  The  MCP  gain  was  reduced  as  needed  to  compensate  for  the  increased  signal 


bA  camera  contribution  of  about  <rcam  =  12  pm  to  the  limiting  resolution  was  estimated,  which  was  subtracted  in  quadrature  with  the 
aperture  contribution. 


about  8  pm/ch,  and  in  the  temporal  domain  on  the 
fastest  range  it  is  0.3  ps/ch.  The  first  two  values 
illustrate  the  effects  of  the  larger  photo-electron 
energy  spread  on  the  static  spread  function  for 
X-rays  (Fig.  2b)  compared  to  UV  light  (Fig.  2a). 
The  third  value  is  attributed  to  imaging  the  full 
vertical  profile  of  ay  ~  45  pm  at  the  source.  We 
postulate  that  the  metal  disk  that  holds  the  Au  slit 
PC  acted  as  a  PC,  albeit  with  100  times  less  sensi¬ 
tivity  than  the  Au.  Its  vertical  dimension  is  suffi¬ 
cient  to  detect  the  full  image.  The  aperture  was  at 
50  x  50  pm2. 

More  recent  data  have  been  taken  that  address 
the  spatial  resolution  limits  by  tracking  the  ob¬ 
served  size  as  one  varied  the  effective  pinhole  aper¬ 
ture  from  20  x  20  to  20  x  60  pm2.  The  contribution 
to  the  vertical  system  resolution  by  the  aperture 
size  was  thus  qualitatively  assessed  as  shown  in 
Table  2.  By  estimating  the  aperture’s  rms  contribu¬ 
tion  to  the  observed  size,  and  by  subtracting  both  it 
and  the  estimated  camera  limiting  resolution  of 
12  pm  in  quadrature,  the  actual  beam  size  of  about 
Gy  -  40  pm  was  determined.  As  shown  in  column 
4,  the  actual  beam  size  is  the  same  after  addressing 
these  contributions  to  resolution. 

In  Fig.  3  we  show  an  example  of  (a)  a  focus  mode 
image  and  (b)  a  synchroscan  image  with  observed 
bunch  length  of  65  (FWHM)  or  28  ps  (<rest.).  The 
pinhole  aperture  was  set  at  100  (H)  x  100  pm  (V) 
with  a  magnification  of  about  1.6:1  for  these  data. 
On  this  streak  deflection  range  the  camera  resolu¬ 
tion  is  determined  mostly  from  the  focus  mode 
image  size  to  be  <rres  ~  4  ps.  The  fastest  range  avail- 


x(mm) 


Fig.  3.  X-ray  streak  camera  images  of  the  X-ray  pinhole  field  in 
(a)  focus  mode  and  (b)  synchroscan  mode.  The  latter  shows  the 
time  profile  of  65  (FWHM)  or  28  ps  (a)  on  the  vertical  display 
axis. 


able  is  about  four  times  faster  and  implies  1-1.5  ps 
(cr)  resolution.  This  same  tube  was  previously  tested 
with  a  UV  laser  at  2480  A  and  <7res^0.6  ps  was 
determined  [6].  These  two  resolution  numbers  for 
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the  fastest  sweep  range  bound  the  expected  resolu¬ 
tion  performance  for  incident  photon  wavelengths 
from  2480  to  ~  1  A.  This  trend  reflects  the  increas¬ 
ing  contribution  of  the  photo-electron  energy 
spread  with  the  higher  energy  incident  photons. 
Streak  images  were  also  taken  with  the  10  x  10  pm2 
aperture  at  80-mA  stored  beam,  so  this  implies  that 
with  the  aperture  as  in  Fig.  3,  a  circulating  single 


bunch  involving  current  <  1  mA  could  be 
measured  although  single  turn  data  from  the 
dipole  source  seem  unlikely.  The  dual-sweep  fea¬ 
ture  was  also  demonstrated  and  data  are  reported 
in  Ref.  [5]. 

Analysis  of  the  projected  beam  image  from  the 
diagnostics  undulator  in  Fig.  4  leads  to  an  implied 
vertical  divergence  of  only  3.3  prad  with  the 


SR  BEAM  DIVERGENCE  MEASUREMENT  (35-ID) 
(After  minimizing  vertical  divergence  @  25  mA,  6/16/97  2:30  PM) 
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Fig.  4.  Positron  beam  divergence  data  from  the  monochromator  on  the  diagnostics  undulator.  The  image  (top)  and  the  x-  and  y-profiles 
(bottom)  imply  ax>  =  22  prad  and  cy  =  3.3  prad. 
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horizontal  divergence  of  22  prad.  The  vertical 
coupling  was  evaluated  at  1.6%  with  a  total  natural 
emittance  of  7.1  ±  0.9  nmrad.  The  3.3-prad  value  is 
one  of  the  lowest  divergences  directly  measured  to 
date  on  a  storage  ring.  If  this  diagnostics  undulator 
were  used  with  a  15-GeV  beam,  the  fundamental 
would  be  at  1 10  keV  with  an  on-axis  cone  angle  of 
about  1.2  prad.  It  thus  seems  realistic  to  propose 
that  one  leg  on  the  linac-based  FEL  array  of  beam¬ 
lines  should  have  such  a  diagnostics  undulator.  It  is 
noted  that  these  measurements  were  done  with 
a  30-ms  integration  time  in  the  CCD  camera  corre¬ 
sponding  to  an  integrated  charge  of  2.4  mC. 
However,  the  ID  gap  was  at  34  mm  resulting  in 
only  0.2  W  in  the  fundamental.  Scaling  issues  are 
readily  addressed  by  closing  the  gap  to  14  mm  (6 
mm)  to  gain  a  factor  of  103  (104)  increase  in  power 
for  the  source,  using  cryocooled  or  image-intensifi¬ 
ed  CCDs  to  gain  102-103  in  sensitivity,  and  using 
a  low  horizontal  emittance  as  well.  The  combined 
factors  of  106-107  in  signal  and  detector  options 
imply  sensitivity  to  a  single  pulse  (train)  with 
Q  <  1  nC  total  charge.  This  value  is  close  to  nom¬ 
inal  fourth-generation  light  source  (4GLS)  designs. 
Further  studies  are  planned  with  an  in-vacuum 
monochromator  recently  installed  in  the  beamline 
and  eventually  with  a  cryocooled  monochromator. 


4.  Summary 

In  summary,  we  have  used  low  vertical  coupling 
in  the  APS  storage  ring  and  a  unique  set  of  diag¬ 
nostics  devices  to  generate  and  measure  some  beam 
parameters  near  prototypical  of  a  diffraction- 


limited  hard  X-ray  source  or  4GLS.  The  unique 
X-ray  streak  camera  and  the  diagnostics  undulator 
are  key,  scalable  devices  that  may  ultimately  be  in 
the  complement  of  diagnostics  for  an  eventual  next- 
generation  light  source  facility. 
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Abstract 

We  have  been  developing  a  tungsten  field  emission  cathode  for  a  Cherenkov  FEL  or  Smith-Purcell  FEL.  The 
properties  of  the  electron  beam  from  a  tungsten  tip  have  been  investigated  using  numerical  simulation  and  some 
experiments.  Although  the  2nd  gate  reduced  the  emission  current  due  to  a  decrease  of  the  effective  field  at  the  tungsten 
tip,  it  focused  and  enlarged  the  electron  beam  current  in  a  certain  potential  range  of  the  2nd  gate  depending  on  the 
cathode  voltage  and  the  distance  between  1st  and  2nd  gates.  The  electron  beam  diameter  was  reduced  to  ~  2  mm  on  the 
fluorescent  screen  at  the  anode.  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Field  emission;  Tungsten  cathode;  Electron  beam 


1.  Introduction 

Since  the  1930s,  field  emission  from  a  very  fine 
needle  has  been  researched  to  study  the  phenom¬ 
enon  itself,  the  surface  structure/phenomena  of  ma¬ 
terial,  and  to  apply  it  as  an  electron  beam  source 
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[1].  Recent  studies  give  the  expectation  that  it 
would  be  a  good  electron  beam  source  for  a  free 
electron  laser  (FEL)  [2,3],  gyrotron  [4],  monotron 
[5],  etc.  because  of  its  very  small  energy  spread  and 
very  high  brightness.  Some  researchers  have  inves¬ 
tigated  semiconductor  field  emission  arrays  for  an 
FEL  beam  source  by  numerical  simulation  [6,7] 
and  experiment  [8,9].  We  have  also  been  studying 
a  field  emission  cathode  of  tungsten  (W)  wire  for 
a  Cherenkov  or  Smith-Purcell  FEL  which  are  ex¬ 
pected  to  be  sufficiently  small  to  be  used  in  a  typical 
laboratory  unscreened  from  X-ray  radiation 
[10,11].  ' 
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Fig.  1.  SEM  micrograph  of  a  tungsten  tip. 


In  this  study,  we  have  investigated  the  detailed 
properties  of  the  field  emission  current  from  a  tung¬ 
sten  cathode  and  its  dependence  on  the  voltage 
of  electrodes  by  means  of  EGUN  simulation  [12] 
and  experiment  whose  elements  consisted  of 
a  W  needle,  two  electrodes  and  an  anode.  The 
existence  of  the  optimum  2nd  electrode  potential 
was  found  to  depend  especially  on  the  cathode 
voltage  and  the  distance  between  1st  and  2nd 
electrodes. 


2.  Simulation  and  experiment 

The  tungsten  needle  was  made  of  a  normal 
W  wire  with  a  diameter  of  100  pm  by  an  electrolytic 
etching  method  in  an  electrolyte  of  KOH  solution. 
Fig.  1  shows  the  SEM  micrograph  of  the  etched 
W  tip  with  a  curvature  of  200  -300  nm. 

The  field  emission  experiment  was  carried  out  in 
a  chamber  (inner  diameter:  146  mm,  height: 
170  mm)  evacuated  to  6.5  x  10-9  Torr.  While  the 
electron  beam  was  being  emitted,  the  pressure  of 
the  chamber  was  ~  3  x  10“ 8  Torr.  The  tip  was  set 
on  a  stem  which  is  used  for  an  electron  microscope 
filament,  because  it  was  aged  for  about  15  min  at 
—  500°C.  The  apparatus  contains,  besides  the 
W  tip  cathode,  the  first  electrode  (1st  gate)  to  draw 


a  field  emission,  the  second  electrode  (2nd  gate)  to 
focus  the  electron  beam  and  a  Faraday  cup  (anode) 
to  collect  the  electrons.  The  1st  gate  was  grounded. 
The  apertures  of  the  molybdenum  gates  are  1  mm 
and  their  widths  are  0.3  mm.  The  distance  between 
the  1st  gate  and  the  anode  is  about  30  mm.  The  tip 
was  set  in  such  a  way  that  its  end  was  inside  the 
aperture  of  the  1st  gate.  The  distance  between  1st 
and  2nd  gates  was  adjusted  by  ceramics  with 
a  proper  thickness. 

The  simulation  was  performed  after  the  proced¬ 
ures  of  the  simulation  were  verified  to  be  accurate 
by  comparison  with  the  Fowler-Nordheim  (F-N) 
relation  between  1st  gate  voltage  and  anode  current 
for  a  system  without  2nd  gate.  As  is  well  known,  the 
whole  system  cannot  be  simulated  by  one  EGUN 
procedure  in  order  to  estimate  the  detailed  field 
distribution  around  the  cathode  tip.  Therefore, 
a  factor  of  10  enlargement  was  repeated  5  times  in 
this  work.  According  to  the  experiment  mentioned 
above,  it  was  assumed  that  curvature  of  a  cathode 
tip  was  250  nm  and  the  distance  between  1st  gate 
and  anode  was  31.4  mm.  However,  the  radial  dis¬ 
tance  was  only  1  or  2  mm  because  the  number  of 
meshes  for  calculation  was  limited.  We  did  not 
simulate  at  the  cathode  voltage  so  high  that  space- 
charge  effect  had  to  be  considered,  because  such 
a  high  voltage  could  not  be  applied  to  the  cathode 
in  the  experiment  due  to  formation  of  a  discharge. 

3.  Results  and  discussion 

3.1.  Simulation 

In  order  to  calculate  the  electron  beam  current, 
we  must  decide  the  positions  on  the  surface  of  W  tip 
where  electrons  are  emitted.  The  extreme  position 
in  them  was  assumed  to  be  the  point  where  the 
current  reduces  to  one-tenth  of  that  at  the  center  of 
the  tip  surface.  It  was,  furthermore,  assumed  that 
electrons  are  emitted  from  60  points  on  the  surface 
and  the  distances  between  neighboring  points  of 
them  are  equal. 

With  no  2nd  gate  it  was  observed  as  expected 
that  the  electron  beam  diverged  and  the  current 
increased  with  the  cathode  voltage  in  accordance 
with  the  F-N  equation.  The  addition  of  the  2nd 


Fig.  2.  Electron  beam  trajectories  depending  on  the  2nd  gate 
voltage  for  a  cathode  voltage  of  —  4  kV  and  2nd  gate  voltage  of 
(a)  -  2.5,  (b)  -  3,  (c)  -  3.5  and  (d)  -  4  kV. 


gate  with  negative  voltage  made  the  electron  beam 
focus.  However,  it  diverged  after  converging  if 
the  2nd  gate  voltage  was  around  same  as  that  of 
cathode. 

Fig.  2  shows,  for  example,  the  electron  beam 
trajectories  dependence  on  the  2nd  gate  voltage 
under  the  condition  that  the  distance  between  the 
1st  and  2nd  gates  (A/)  is  4  mm  and  the  voltages  of 
cathode  and  anode  are  —  4  and  4  kV,  respectively. 
It  is  seen  that  the  focusing  of  the  electron  beam  is 
controlled  only  by  a  small  change  of  the  2nd  gate 
voltage,  which  is  in  a  certain  narrow  range.  Fig.  3 
shows  the  current  at  the  anode  with  diameter  of 
1  mm  depending  on  the  2nd  gate  voltage  for  vari¬ 
ous  distances  of  A /  under  the  voltages  of  cathode 
and  anode  same  as  mentioned  above.  The  decrease 
of  the  2nd  gate  potential  gives  the  following  tenden¬ 
cies;  (1)  at  first,  the  anode  current  decreases  due  to 
the  reduction  of  effective  field  at  the  tip,  and  then  (2) 
it  increases  to  a  peak  because  of  the  enhancement  of 
focusing  power  of  2nd  gate,  and  after  that  (3)  it 


drops  abruptly  because  the  electron  beam  diverges 
with  crossing  trajectories  due  to  overfocussing  by 
the  2nd  gate  as  shown  in  Fig.  2(d).  After  the  peak 
current  increases  with  increase  of  A/,  it  reduces  due 
to  the  increase  of  electrons  interrupted  by  the  2nd 
gate  surface.  It  was  furthermore  seen  that  the  addi¬ 
tion  of  higher  voltage  to  the  anode  enhanced  the 
anode  current  because  of  a  focusing  effect.  Similar 
results  to  those  mentioned  above  were  also  ob¬ 
tained  at  higher  cathode  voltage. 

3.2.  Experiment 

With  no  2nd  gate,  the  anode  current  increased 
with  both  cathode  and  anode  voltages.  The  de¬ 
pendence  of  anode  current  on  cathode  voltage 
satisfied  the  F-N  relation  within  an  error  of 
±1.5%.  The  maximum  current  was  ~  20  pA 
when  the  voltages  at  cathode  and  anode  were  —  6 
and  50  kV,  respectively.  These  phenomena  are 
qualitatively  in  good  agreement  with  the  results 
obtained  from  the  simulation. 

The  addition  of  the  2nd  gate  decreased  the  anode 
current  by  one  half  to  one-fifth  lower  than  the  value 
expected  from  the  simulation.  The  experimental 
results  for  A /  of  4  mm  as  a  typical  example  are 
shown  in  Figs.  4-6.  Fig.  4  shows  the  anode  current 
dependence  on  the  cathode  voltage  when  the  2nd 
gate  voltage  is  —  4  kV.  The  cathode  voltage  thre¬ 
shold  is  observed  around  —  3.5  kV  for  every  anode 
voltage.  However,  when  the  anode  voltage  was 
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Fig  4  Experimental  anode  current  depending  on  the  cathode  Fig-  5.  Experimental  anode  current  depending  on  the  2nd  gate 

voltage,  when  the  2nd  gate  voltage  is  -  4  kV  and  the  distance  voltage,  when  the  distance  between  the  1st  and  2nd  gates  is 

between  1st  and  2nd  gates  is  4  mm.  ^  mm- 


10  mm 


(a)  (b)  (c) 


Fig.  6.  Beam  images  for  2nd  gate  voltage  of  (a)  0,  (b)  -  1  and  (c)  -  2  kV,  respectively,  under  the  condition  that  the  absolute  voltages  of 
cathode  and  anode  are  5  kV. 


0  kV,  noticeable  increment  of  the  current  was  not 
observed  because  most  of  the  emitted  electrons  flew 
onto  the  1st  and  2nd  gates.  Although  the  anode 
current  generally  does  not  depend  on  the  anode 
voltage,  it  is  seen  that  increment  ratio  of  the  current 
to  the  anode  voltage  is  larger  as  anode  voltage  is 
higher.  This  phenomenon  seems  to  be  attributed  to 
some  focusing  effect  of  the  anode  as  mentioned  in 
the  simulation. 

Fig.  5  shows  the  dependence  of  anode  current  on 
the  2nd  gate  voltage  under  the  absolute  potential  of 


4  kV  for  both  cathode  and  anode.  It  is  seen  that  the 
anode  current  decreases,  on  the  whole,  with  de¬ 
creasing  negative  voltage  of  the  2nd  gate,  and  it 
builds  up  in  a  certain  voltage  range  of  the  2nd  gate 
depending  on  the  cathode  potential  and  the  dis¬ 
tance  of  A/.  The  result  with  cathode  voltage  of 
—  4  kY  corresponds  to  the  simulation  shown  in 
Fig.  3.  Such  variation  of  the  current  is  qualitatively 
explained  by  the  results  of  the  simulation.  How¬ 
ever,  it  is  seen  that  the  2nd  gate  voltage  giving  the 
peak  current  is  higher  than  that  of  the  simulation. 
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The  electron  beam  image  at  the  anode  was  ob¬ 
served  using  a  fluorescent  screen  and  a  CCD  cam¬ 
era  as  shown  in  Fig.  6  where  cathode  and  anode 
voltages  were  —  5  and  5  kV,  respectively,  and  the 
potential  of  the  2nd  gate  was  changed  to  be  0,  -  1 
and  —  2  kV.  It  was  observed  that  the  electron 
beam  converged  to  the  diameter  of  11  to  ~  2  mm 
corresponding  to  the  decrease  of  the  2nd  gate 
voltage  and  diminished  at  its  voltage  lower 
than  —  2.5  kV.  The  brightness  of  the  screen  was 
greatest  at  the  2nd  gate  voltage  around  —  2  kV  as 
expected  from  the  simulation  and  observation  of 
current. 

Thus,  though  the  simulation  might  qualitatively 
explain  these  experimental  results,  further  quantit¬ 
ative  explanation  seems  to  require  the  enlargement 
of  the  radial  distance  in  the  simulation  model  to 
approximate  the  experimental  dimension. 


4.  Summary 

Field  emission  from  a  tungsten  cathode  has  been 
simulated  and  its  experiment  has  been  carried  out 
using  a  system  consisting  of  W  tip,  1st  and  2nd 
gates  and  anode. 

When  there  was  no  2nd  gate,  the  current  in¬ 
creased  up  to  ~  20  pA  with  the  absolute  voltage  of 
cathode  according  to  the  Fowler-Nordheim  equa¬ 
tion.  The  addition  of  the  2nd  gate  decreased  the 
current  to  one  half  to  one-fifth  lower  than  the  value 
expected  from  the  simulation.  However,  it  focused 
and  enlarged  the  current  of  the  electron  beam  in 
a  certain  voltage  range  of  2nd  gate  depending  on 
the  cathode  potential  and  the  distance  between  1st 
and  2nd  gates.  The  reduction  of  the  electron  beam 
diameter  to  —  2  mm  was  also  observed  by  a 


fluorescent  screen.  Detailed  simulations  supported 
these  phenomena  qualitatively. 
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Abstract 

We  present  the  design,  construction  and  experimental  results  of  an  X-band  waveguide  electron  beam  buncher.  The 
effect  of  the  voltages  across  the  buncher  on  the  output  power  is  reported.  The  electron  beam  used  in  this  experiment  is 
produced  by  thermonic  electron  gun  which  was  successfully  operated  up  to  60  kV  and  5  mA.  The  nominal  beam  diameter 
was  1  mm  passing  through  an  X-band  cavity  resonator  and  guided  by  magnetic  field  of  170  G.  ©  1999  Elsevier  Science 
B.V.  All  rights  reserved. 


1.  Introduction 

At  the  university  of  Liverpool  we  have  developed 
several  pre-punched  FEMs  [1-3]  operating  at  volt¬ 
ages  >  80  kV  and  frequencies  ranging  from  8.17  to 
10.2  GHz.  These  devices  produced  results,  which 
demonstrated  coherent  emission  and  gain  with 
a  beam  current  >  5  mA.  The  buncher  section  in 
these  FEMs  is  part  of  the  high  voltage  (50  kV) 
section  and  is  followed  by  a  drift  distance  of  65  cm 
in  order  to  achieve  fully  bunched  electrons.  In  this 
paper  we  introduce  further  developments  with  the 
buncher  to  maximise  the  power  coupled  out. 

2.  FEM  system  arrangements 

The  FEM  system,  shown  in  Fig.  1,  consists  of 
four  main  components:  the  electron  gun,  the  micro- 
wave  buncher,  the  wiggler  magnet,  and  the  cavity 
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resonator.  These  components  can  be  described 
briefly  as  follows: 

2.1.  Electron  gun  characteristics 

A  triode  electron  gun  arrangement  has  been 
used,  which  incorporates  a  cathode,  an  anode,  and 
a  grid  [4].  the  application  of  a  negative  biasing 
voltage  to  the  grid  electrode  is  used  to  effectively 
define  the  cathode  surface  emitting  area.  Therefore, 
the  grid  behaves  like  a  variable  beam  aperture.  The 
cathode  is  designed  from  different  sources  includ¬ 
ing  tungsten  ( <  3  mA),  thoriated  tungsten 
(  <  5  mA),  a  single  LaB6  crystal  (  <  20  mA),  and  an 
oxide  coated  filament.  The  latter  is  under  develop¬ 
ment  for  higher  current  emission  >  200  mA.  These 
sources  were  capable  of  delivering  a  compressed 
beam  with  a  nominal  2  mm  diameter,  for  funda¬ 
mental  research  applications.  The  gun  is  capable  of 
operating  at  voltages  up  to  100  kV. 

2.2.  Microwave  buncher  cavity 

The  buncher  section  is  placed  directly  after  the 
gun  and  about  5  mm  from  the  anode  aperture. 
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Fig.  1.  Compact  FEM  system  for  industrial  applications. 


To  Cavity 
Resonator 


Fig.  2.  Microwave  buncher  cavity. 


This  buncher  is  designed  using  a  standard  X-band 
waveguide,  WG16/WR90,  with  internal  dimensions 
22.86  mm  and  10.16  mm,  as  shown  in  Fig.  2. 
Microwave  power  (up  to  1W)  is  fed  into  one  end  of 


the  buncher;  the  other  end  is  terminated  by  a  tune¬ 
able  short  circuit.  The  short  circuit  section  is  driven 
by  a  stepper  motor  and  can  tune  for  frequencies 
from  8  to  9.3  GHz.  The  frequency  limitation  is  due 
to  the  length  of  the  buncher,  which  is  about  50  mm. 
Two  3  mm  diameter  apertures  allow  the  electron 
beam  to  pass  through  the  narrow  dimension  of  the 
buncher.  To  maximize  the  buncher  electrical  field, 
an  inductive  window  with  a  5  mm  aperture  was 
placed  20  mm  from  the  electron  beam  apertures. 
The  buncher  cavity  resonances  have  been  measured 
with  an  average  of  Q  factor  of  6000. 

2.3.  Wiggler  magnet 

The  efficiency  and  the  gain  of  an  FEM  system  are 
largely  dependent  on  the  wiggler  design  parameters 
such  as  the  wiggler  period,  the  magnetic  field,  and 
the  number  of  periods.  In  a  specific  design,  it  is 
desirable  for  the  wiggler  to  provide  a  magnetic  field, 
which  has  uniform  amplitude  oscillations  over  its 
length.  The  wiggler  magnet  is  designed  from 
NdFeB  magnet  bars  having  a  remnant  field  of  1.1  T 
and  consists  of  25  periods.  The  19  mm  wiggler 
period  is  formed  by  two  8  mm  wide  magnet  bars 
with  1.5  mm  spacing.  Two  magnet  bars  per  period 
are  used  to  satisfy  the  synchronous  condition  of  an 
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FEM  operating  at  voltages  >  80  kY.  The  average 
magnetic  field,  measured  at  the  centre  of  the  25  mm 
wiggler  gap,  is  170  G,  as  shown  in  Fig.  3. 


2.4.  Wiggler  cavity  resonator 

Standard  X-band  copper  rectangular  waveguide 
has  been  used  to  construct  the  wiggler  cavity. 
A  layout  of  the  wiggler  cavity  is  shown  in  Fig.  4. 
The  total  length  of  the  cavity  is  60  cm  and  it  is 
short-circuited  at  each  end  by  two  7  mm  thick  irises 
with  a  9  mm  diameter  aperture.  The  wiggler  cavity 
resonances  formed  by  these  irises  are  shown  in  Fig. 
5  with  an  average  measured  Q  factor  of  2000.  A  24 
dB  cross  coupler  was  placed  at  about  l/4Xg  from 
the  entrance  section  of  the  cavity  and  used  for 
coupling  out  the  required  power.  At  the  exit  of  the 
cavity  the  electron  beam  was  collected  using  either 
a  water-cooled  beam  dump  or  by  an  energy  recov¬ 
ery  section.  Table  1  shows  the  experimental  para¬ 
meters  of  the  FEM  system. 


Table  1 

FEM  system  parameters 

8.0-9.3  GHz 


Operating  frequency 

Electron  beam 
Voltage  range 

Diameter 

Current 

Pre-buncher 

Type 

Dimensions 

Frequency 

Microwave  input  power 

Wiggler 

Type 

Period 

Period-to-gap  ratio 
Magnetic  field  on  axis 
Number  of  periods 


40-76  kV  (through 
wiggler) 

1  mm 
1mA 

Tuneable  waveguide 
cavity 

X-band  (WG16/WR90) 
8.0-9.3  GHz 
1  W  max. 

PM  (NdFeB) 

19  mm 


0.75 
170  G 
25 


Wiggler  waveguide  (Standard  X-band) 

Internal  n-dimension  22.86  mm 

Internal  6-dimension  10.16  mm 

Length  600  mm 


VII.  ACCELERATORS 


308 


A.l.  Al-Shamma’a  et  al  /  Nuclear  Instruments  and  Methods  in  Physics  Research  A  429  (1999)  304-309 


Fig.  6.  Power  coupled  out  through  a  24  dB  coupler  versus  FEM  beam  current. 


this  case  8.6  GHz.  The  buncher  voltage,  which 
could  be  varied  from  5  to  1 1  kV,  was  set  to  1 1  kV. 
The  input  power  of  the  buncher  cavity  was  0.3  W. 
To  satisfy  the  synchronous  condition  at  8.6  GHz, 
the  operating  voltage  was  adjusted  remotely  until  it 
achieved  the  interacting  value  of  46.8  kV.  Fig. 
6  shows  the  relationship  between  the  electron  beam 
current  and  the  power  that  was  coupled  out  of  the 
24  dB  cross  coupler.  This  indicated  that  the  max¬ 
imum  power  to  be  coupled  out  was  0.4%  of  the 
power  inside  the  wiggler  cavity.  The  solid  line  in 
Fig.  6  represents  a  theoretical  model  of  the  4th 
order  polynomial  equation.  The  electron  beam  cur¬ 
rent  was  limited  to  1  mA  in  order  to  run  the  FEM 
system  continuously  for  a  longer  time  period.  With 
a  beam  current  of  1  mA  the  coupled  power  was 
about  1.1  mW.  It  was  found  that  if  we  compared 
these  results  with  [1],  the  power  coupled  out  is 
higher  by  a  factor  of  27  and  if  compared  with  Refs. 
[2,3]  by  a  factor  of  9. 

3.2.  Spontaneous  emission  {output  power  versus 
beam  voltage) 

For  this  experiment,  the  electron  beam  was  set  to 
1  mA  (nominal)  and  the  voltage  across  the  buncher 


cavity  was  varied  from  7  to  11  kV.  The  operating 
frequency  was  8.6  GHz.  Fig.  7  shows  the  spontan¬ 
eous  emission  of  the  FEM  system  operating  at 
46.8  kV  at  different  voltages  across  the  microwave 
buncher.  It  can  be  seen  that  the  maximum  power, 
which  could  be  coupled  out,  was  240,  520  and 
1200  pW  at  7,  8  and  11  kV,  respectively.  Further 
increasing  the  voltage  across  the  buncher,  i.e.  ex¬ 
ceeding  1 1  kV,  however,  resulted  in  a  reduction  in 
the  power  coupled  out.  This  indicated  that  at  1 1  kV 
the  electrons  were  fully  bunched  but  above  1 1  kV 
the  electrons  were  over  bunched.  Further  tests  were 
carried  out  at  8.17, 8.31,  8.45, 8.75,  and  8.89  GHz  to 
prove  the  tunability  of  the  FEM  system. 

4.  Conclusions  and  future  work 

The  results  presented  in  this  paper  show  that  the 
power  coupled  out  of  the  24  dB  coupler  is  at  least 
9  times  higher  than  that  in  the  previous  systems 
[1-3].  They  are  also  in  good  agreement  with  the 
theoretical  analysis  [5],  indicating  that  FEM  op¬ 
eration  can  be  easily  observed  and  predicted  by 
simple  models  at  low  beam  voltages  (  <  100  kV). 
The  effect  of  the  focusing  coils  on  the  output  power 
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Operating  voltage  (kV) 

Fig.  1.  Spontaneous  emission  of  the  FEM  system. 


was  monitored  and  91%  of  beam  transportation 
was  achieved.  Experiments  are  in  progress  to 
measure  the  FEM  gain  at  different  wiggler  cavity 
resonances  and  testing  will  soon  begin  on  a  new 
buncher  cavity  that  has  been  designed  to  maximize 
the  bunching  factor  and  hence  the  power  output. 
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Abstract 

When  a  microbunch  with  high  charge  traverses  a  curved  trajectory,  the  curvature-induced  Coherent  Synchrotron 
Radiation  (CSR)  and  space-charge  forces  may  cause  serious  emittance  degradation.  Earlier  analyses  based  on  rigid-line 
charge  model  are  helpful  in  understanding  the  mechanism  of  this  curvature-induced  bunch  self-interaction.  In  reality, 
however,  the  bunch  has  finite  transverse  size  and  its  dynamics  respond  to  the  CSR  force.  In  this  paper,  we  present  the  first 
self-consistent  simulation  for  the  study  of  the  impact  of  CSR  on  beam  optics.  With  the  bunch  represented  by  a  set  of 
macroparticles,  the  dynamics  of  the  bunch  under  the  influence  of  the  CSR  force  are  simulated,  where  the  CSR  force  in 
turn  depends  on  the  history  of  bunch  charge  distribution  and  current  density  in  accordance  to  causality.  This  simulation 
is  bench-marked  with  previous  analytical  results  for  a  rigid-line  bunch.  The  algorithm  applied  in  the  simulation  will  be 
presented,  along  with  the  simulation  results  obtained  for  bending  systems  in  the  Jefferson  Lab  FEL  lattice.  ©  1999 
Published  by  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Microbunch;  Curved  trajectory;  Space-charge  forces 


1.  Introduction 

When  a  short  bunch  with  high  charge  is  trans¬ 
ported  through  a  magnetic  bending  system,  curva¬ 
ture-induced  coherent  synchrotron  radiation 
and  space-charge  forces  set  a  wakefield  across 
the  bunch,  inducing  energy  spread  and  causing 
emittance  growth.  This  phenomenon  has  raised 
considerable  concern  in  the  design  of  free-electron- 
laser  drivers  containing  bunch-compression  chicanes 
and  recirculation  arcs.  Circumventing  this  deleteri¬ 
ous  effect  demands  a  thorough  understanding  of 
the  physics  involved  as  well  as  computational  tools 
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for  the  prediction  of  the  CSR  effect  in  lattice  de¬ 
signs. 

Earlier  analyses  of  the  CSR-induced  wakefield 
were  largely  based  on  the  rigid-line-charge  model. 
By  studying  the  longitudinal  CSR  wakefield  for 
a  periodic  circular  orbit  as  well  as  a  transient  tra¬ 
jectory  both  in  free  space  and  with  shielding  [1-5], 
these  analytical  works  help  us  to  understand  the 
mechanism  of  the  curvature-induced  bunch  self-in¬ 
teraction.  In  reality,  however,  the  bunch  has  finite 
transverse  size  and  its  dynamics  responds  to  the 
CSR  interaction.  So,  a  self-consistent  simulation  is 
needed  to  study  the  actual  dynamical  system.  The 
feedback  of  the  CSR-induced  wakefields  on  bunch 
emittance  was  first  simulated  in  DESY  [3],  where 
the  wakefields  were  computed  from  the  rigid-line- 
charge  model  using  designed  bunch  dynamics,  and 
its  effect  on  the  bunch  emittance  degradation  was 
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consequently  obtained.  This  scheme  works  when 
the  CSR-induced  change  in  the  bunch  dynamics  is 
small. 

In  this  paper  we  present  a  self-consistent  simula¬ 
tion  for  the  CSR  effect  on  beam  dynamics  in  free 
space.  The  dynamics  of  the  bunch,  under  the  influ¬ 
ence  of  the  CSR  wakefield,  is  simulated  by  the 
motion  of  a  set  of  macroparticles.  This  CSR  wake- 
field  in  turn  depends  on  the  history  of  bunch 
dynamics  in  accordance  with  causality.  The  simula¬ 
tion  is  benchmarked  against  analytical  results  ob¬ 
tained  for  a  rigid-line  charge. 

2.  Simulation  algorithm 

2.1.  General  problem 

First  we  outline  the  problem  to  be  solved  in  the 
simulation.  The  dynamics  for  an  electron  in  the 
bunch  is  governed  by 

d(ymet>)/dt  =  e(E  +  pxB)  (1) 

with  p  =  v/c,  E  =  EexX  +  £self,  and  B  =  BexX  +  £self. 
Here  EexX  and  Bext  are  the  external  designed  electro¬ 
magnetic  (EM)  fields,  and  E self  and  Bsel{  are  the  EM 
fields  from  bunch  self-interaction,  which  in  turn 
depends  on  the  history  of  the  bunch  charge  distri¬ 
bution  p  and  current  density  J  via  the  scalar  and 
vector  potentials  0  and  A: 

Esel{  =  —  V</>  -dA/cdt,  BseU  =  VxA  (2) 

with 

#•>0  = 

A(r,  f)=I  f  dr  £')•  (3) 

cjlr-r'l 

Here  the  retarded  time  t'  is  defined  as 

f  =  t  -  \r  -  r'|/c.  (4) 

For  an  ultrarelativistic  bunch  on  a  circular  orbit, 
the  self  EM  fields  are  dominated  by  CSR  fields. 

2.2.  Macroparticle  model 

A  straightforward  way  to  simulate  the  bunch 
self-interaction  is  to  use  a  macroparticle  model. 


Fig.  1.  Macroparticles  in  longitudinal-horizontal  plane. 


Since  CSR  mainly  couples  the  bunch  length  effect 
into  the  bend  plane  (typically  horizontal)  dynamics, 
at  this  stage  we  only  simulate  the  longitudinal-hori¬ 
zontal  dynamics  in  the  z  =  0  plane  (z  stands  for 
vertical  offset  from  design  orbit),  with  the  bunch 
distribution  simulated  by  a  set  of  round  Gaussian 
discs  in  this  longitudinal-horizontal  plane  with 
zero  vertical  extent.  An  example  configuration  is 
illustrated  in  Fig.  1. 

The  single  macroparticle  density  distribution  at 
r  =  {x,y}  at  time  t  is  given  by 

nm{r  -  r0(t))  =  -JL  e -<*-*■<'»’  ■ +<v-*(<))1/2<ri  (5) 

2nam 

where  r0(t)  —  {xo(0)3;o(0}  is  the  centroid  of  the 
macro-particle  at  time  t ,  and  <rm  is  its  rms  size. 
Knowing  the  centroid  location  r(o\t)  and  velocity 
P(Q](t)  for  each  macroparticle,  one  can  construct  the 
charge  distribution  p(r,t)  and  the  current  density 
J(r,t)  of  the  whole  bunch: 

p(r,t)  =  q  £  njr  -  i#(t))  (6) 

i=  1 

J(r,t)  =  qL  P(i\t)nm(r  -  rg>(t))  (7) 

i=  1 

with  i  the  index  of  the  macroparticle  and  N  the 
total  number  of  macroparticle  in  a  bunch.  For 
a  bunch  with  total  charge  Q,  the  charge  per  macro¬ 
particle  is  q  =  Q/N. 

It  can  be  shown  that  if  the  centroids  in  Eq.  (6) 
have  a  Gaussian  distribution  with  bunch  length  <rs, 
and  each  macroparticle  has  a  Gaussian  distribution 
as  in  Eq.  (5),  then  the  effective  bunch  length 
simulated  by  Eq.  (6)  is  <reff  =  sjo f  +  <7^.  In  general, 
one  should  choose  <rm  os  in  order  to  have 
<reff  ~  <7S.  The  number  of  macroparticle  N  should  be 
chosen  to  ensure  the  overlap  of  macroparticles  for 
the  suppression  of  shot  noise. 
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2.3.  CSR  Wakefields  in  macroparticle  model 

The  computation  of  the  CSR  wakefield  iTelf  and 
Bstl{  in  Eq.  (1)  is  the  core  of  the  simulation.  After 
applying  the  macroparticle  model  as  described  in 
Eqs.  (6)  and  (7)  to  <fi  and  A  in  Eq.  (3),  one  differenti¬ 
ates  over  the  potentials  and  gets  from  Eq.  (2)  the 
CSR  wakefield  on  (r,f)  generated  by  the  whole 
bunch,  which  is  the  superposition  of  contributions 
from  individual  macroparticles: 

Esclr{r,t)  =  £  Em(r,t) 

1=1 

B?\r,t)=  £  Bf(r,t)  (8) 


time.  In  our  simulation  the  integrals  in  Eqs.  (9)  and 
(10)  are  numerically  implemented  by  applying  the 
2D  Simpson’s  Rule,  in  which  we  divide  a  neighbor¬ 
hood  of  the  previous  path  of  the  bunch  into  a  grid, 
and  sum  up  the  integrand  on  the  grids  using  appro¬ 
priate  coefficients.  This  procedure  converges  fast 
with  respect  to  the  number  of  grid  points.  The 
singularities  in  Eqs.  (9)  and  (10)  are  taken  care  of  by 
a  singularity  removal  technique. 

2.4.  Leap-frog  scheme 

With  the  EM  field  obtained  in  Section  2.3,  we 
integrate  the  equation  of  motion  in  Eq.  (1)  numer¬ 
ically  using  a  leap-frog  scheme.  In  2D  cylindrical 
coordinates,  Eq.  (1)  is  written  as 


where  the  single-particle-generated  CSR  wakefields 
are  2D  integrals  over  the  area  surrounding  the 
source  macroparticle’s  previous  path: 


E(i\r,t)  =  q 


dV 


|  r  —  r 


x 


x 


V  -  rW) 


(9) 


(ymer)/dt  -  ymer02  =  e(Er  +  rOBjc)  ^ 

d(ymer9)/dt  +  ymj6  =  e(Ee  —  rBjc). 

Consider  a  circular  orbit  with  design  radius  r0  and 
design  energy  y0mec2.  For  a  macroparticle  with  its 
centroid  at  (rfi)  and  energy  ymec2,  we  let  s  =  ro0  be 
its  longitudinal  coordinate  and  x  =  r  —  r0  be  its 
horizontal  offset  from  the  design  orbit.  With  k  de¬ 
noting  the  index  of  the  timestep,  and  At  the  in¬ 
crement  of  time  at  each  time  step,  the  discrete  form 
of  Eq.  (1 1)  in  a  leap-frog  scheme  for  the  centroid  of 
the  macroparticle  is  then 


=  q 


r  d  V 


k-r'l 


-jW)  ] 

J 


(10) 


with  f  given  in  Eq.  (4).  To  evaluate  the  integrand  of 
the  above  integrals  at  r\  one  needs  to  interpolate 
the  phase  parameters  r(0°  and  p(o  for  the  centroid  at 
retarded  time  t',  using  the  history  of  the  phase 
parameters  at  discrete  timesteps  t(k)  obtained  from 
the  leap-frog  scheme  in  Section  2.4. 

The  2D  integral  representation  of  single-macro¬ 
particle-generated  CSR  wakefields  can  be  under¬ 
stood  from  the  retardation  nature  of  radiation:  if 
we  divide  the  ith  macroparticle  into  grids,  the 
wakefield  observed  at  (r,t)  is  the  sum  of  fields  emit¬ 
ted  by  each  grid  at  its  own  retarded  location  and 


[(y/U+i  -(yPM/cAt 

=  [ Ex  —  ps(yps/r  —  yoPofo  +  BJ]k+ 1/2  (12) 

[(yft)*+i  -(yPsfil/cAt 

=  [ Es  +  px(yps/r  —  yoPofro  +  5Z)]*+ lj2.  (13) 

Here  (ft*  ft)  =  (r,  rS)/c9  y2  =  (yft)2  +  (yft)2  +  1, 
and  Ex>s^(e/mec2)Elef,Bz  =  (e/mec2)Bf{.  Since 
(ypxjk  +  1/2  on  the  right-hand  side  of  Eqs.  (12)  and 
(13)  are  defined  as 

(yft,s)fc+i/2  =  UyPx,s)k  +  (yftcA+i]/2  (14) 

Eqs.  (12)  and  (13)  are  two  coupled  nonlinear  equa¬ 
tions  to  be  solved  simultaneously  in  order  to 
obtain  the  reduced  momentum  (yftx,s  at  each  time 
step.  Consequently,  the  longitudinal-horizontal 
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coordinates  for  the  macroparticle  centroids  at  the 
next  half-time  step  yield 

X/c  +  3/2  =  xk  +  1/2  +  {Px)k+  lc^t 

5,+3/2  =  st+1/2  +  f— )  cAt.  (15) 

V  r  A+i 

By  setting  r0  -+  oo ,  the  above  equations  naturally 
reduce  to  equations  in  Cartesian  coordinates, 
which  are  used  for  the  straight  sections  of  a  design 
orbit.  Notice  that  from  Eqs.  (12)— (14),  it  is  straight¬ 
forward  to  derive  the  energy  equation: 

(y*+i  -  7k)/cAt  =  (E-p)k+ 1/2-  (16) 

This  implicit  energy  conservation  is  the  reason  we 
chose  the  leap-frog  scheme  for  the  numerical  integ¬ 
ration  of  Eq.  (1)  in  our  simulation.  Note  that  at 
each  time  step,  only  the  centroids’  dynamics  gets 
advanced,  and  the  macroparticles  move  transla- 
tionally  without  rotation  about  their  centroids. 
Therefore  the  speed  of  light  is  not  exceeded  in  this 
simulation. 


3.  Simulation  results 

3.1.  Benchmark 

First,  we  turn  off  the  CSR  force  by  setting 
ESx's  =  Bfu  =  0  in  Eqs.  (12)  and(13)  and  make  sure 
the  single-particle  dynamics  agrees  with  results 
from  other  optics  codes,  such  as  DIMAD  in  the 
ultrarelativistic  case.  Next,  we  benchmark  the 
simulated  CSR  wakefield  with  earlier  analytical 
results  for  a  simple  beamline:  straight-bend- 
straight,  using  LCLS  bend  parameters  [7]:  6  =  11.4 
deg,  r0  =  25.13  m,  <rs  =  50  pm  and  2  =  1  nC.  To 
imitate  the  rigid-line  Gaussian  bunch  used  in  the 
analysis,  we  let  the  macroparticle  centroids  have 
a  Gaussian  distribution  along  the  design  orbit,  and 
keep  the  bunch  rigid  by  not  responding  to  the  CSR 
interaction.  The  simulation  results  of  the  CSR 
wakefield  and  their  comparison  with  analysis  are 
shown  in  Fig.  2  for  the  bunch  at  steady  state.  It  is 
clear  that  the  simulation  results  agree  perfectly  with 
the  analytical  result  obtained  for  the  effective 
bunch  length  creff,  which  gets  closer  to  the  analyti¬ 
cal  result  for  actual  bunch  length  as  as  om  gets 


CSR  Wakefield 


Fig.  2.  CSR  wakefield  on  the  bunch  at  steady  state;  the  dots  are 
the  simulated  wakefields  with  the  rms  of  the  macroparticle 
centroid  distribution  being  as. ,  and  the  solid  curve  is  the  analyti¬ 
cal  longitudinal  wakefield  for  the  effective  bunch  length  <rff. 
Here  oJos  =  0.4. 


smaller.  Fig.  2  also  shows  that  the  radial  field 
Ex  —  fiBz  is  an  order  of  magnitude  smaller  than  the 
longitudinal  field,  as  was  observed  in  Refs.  [3,6]. 
The  transient  longitudinal  wakefield  at  the  en¬ 
trance  of  a  bend  also  agrees  well  with  analysis. 

3.2.  Results  for  JLab  FEL  chicane 

The  goal  of  our  simulation  is  to  compute  the 
CSR-induced  emittance  growth  generated  from  the 
bending  systems  in  the  Jefferson  Lab  FEL  lattice. 
Of  particular  interest  is  the  effect  of  the  optical 
chicane  in  front  of  the  wiggler.  To  proceed,  we  first 
generate  a  macroparticle  phase  space  distribution 
using  the  design  beam  parameters  upstream  of  the 
optical  chicane  obtained  from  PARMELA.  Then 
the  CSR  wakefield  is  computed  at  each  time  step, 
which  is  used  to  advance  the  macroparticle  dynam¬ 
ics  to  the  next  time  step.  The  transient  radiation 
interaction  after  the  bunch  exits  from  a  bend  is  also 
computed.  Due  to  the  short  drift  length  between 
magnets  for  the  JLab  FEL  chicane,  the  simulation 
shows  nontrivial  coupling  between  adjacent  bends. 
With  all  these  effects  included,  our  simulation 
yields  a  15%  emittance  growth  in  the  horizontal 
phase  space  as  a  result  of  the  CSR  effect  in  the 
chicane.  This  is  to  be  compared  with  the  JLab  FEL 
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experiment.  Recently  the  JLab  FEL  successfully 
lased  at  150W  infrared  average  power.  More 
measurements  of  CSR  effect  will  be  carried  out  in 
the  near  future  for  the  comparison  of  experiment 
and  simulation. 
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Abstract 

A  3-D  particle  tracking  code  is  developed  to  estimate  emittance  growth  in  bunch-compressors.  The  simulation  code 
enables  one  to  calculate  the  electron  beam  distribution  in  six-dimensional  phase  space  along  a  given  beam  line  and 
estimate  emittance  growth  caused  by  shielded  coherent  radiation  and  noninertial  space-charge  forces  as  well  as  the  usual 
space-charge  force  and  higher-order  aberrations.  We  present  some  examples  of  calculations  for  unshielded  and  shielded 
coherent  synchrotron  radiation,  including  a  comparison  with  1-D  theoretical  prediction.  The  relation  between  emittance 
growth  and  the  complex  radiation  resistance  of  conducting  walls  is  also  introduced.  ©  1999  Elsevier  Science  B.V.  All 
rights  reserved. 


1.  Introduction 

In  recent  years  several  studies  have  shown  that 
emittance  growth  due  to  the  self-field  of  electrons 
traveling  through  circular  motion  may  become 
a  severe  problem  in  the  design  of  X-ray  free-elec- 
tron  lasers,  where  an  electron  beam  of  extremely 
low  emittance  generated  by  a  photo-cathode  RF- 
gun  is  accelerated  in  a  linear  accelerator  without 
dilution  of  emittance  and  compressed  by  magnetic 
bunch  compressors  to  attain  high  peak  current. 
This  self-field  in  circular  motion  is  called  the  coher¬ 
ent  synchrotron  radiation  (CSR)  force  and  the 
noninertial  space-charge  force. 


♦Corresponding  author.  Tel:  +  81-3-5689-7283;  fax:  +  81- 
3-3818-3455. 

E-mail  address:  hajima@q.t.u-tokyo.ac.jp  (R.  Hajima) 


Coherent  synchrotron  radiation  has  been 
studied  since  the  1940s  when  high-energy  acceler¬ 
ators  were  invented  [1].  The  early  studies  were 
conducted  mainly  to  estimate  the  amount  of  energy 
loss  caused  by  radiation  which  was  relevant  to  the 
construction  of  a  high-energy  accelerator.  In  the 
present,  CSR  is  an  important  issue  regarding  emit¬ 
tance  growth  in  a  bunch  compressor  for  X-ray 
FELs. 

There  are  several  studies  on  this  subject:  one¬ 
dimensional  analysis  of  the  CSR  force  on  short 
electron  bunches  [2],  transient  analysis  including 
finite  length  of  magnets  [3],  and  CSR  in  the  motion 
of  small  periods  such  as  in  an  undulator  [4].  As  for 
numerical  studies,  it  has  been  shown  that  the 
Lienard-Wiechert  potential  together  with  particle 
tracking  can  be  applied  to  the  calculation  of  CSR 
and  noninertial  space  charge  forces  [5].  Emittance 
growth  by  shielded  CSR  has  also  been  discussed 
[6,7]. 
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In  the  present  study,  we  extend  Carlsten’s 
method  to  a  geometry  with  two  parallel  conducting 
walls  and  numerical  results  are  compared  with  the¬ 
oretical  prediction.  The  relation  between  complex 
radiation  resistance  and  emittance  growth  due  to 
the  shielded  CSR  force  is  introduced. 


2.  Space-charge  force  with  Lienard-Wiechert 
potential 


Radiative  and  static  fields  of  relativistic  electrons 
can  be  obtained  in  the  form  of  a  retarded  potential, 
which  is  reduced  to  Lienard-Wiechert  potential 
form  in  the  case  of  a  small  line  charge  of  density 
X  traveling  through  a  circular  trajectory  of  radius 
R,  and  the  azimuthal  electric  field  in  the  static 
frame  is  expressed  as  [5] 


4ns0rret-rTeX'UrJc 


(i) 


where  the  first  term  is  the  usual  space  charge  force 
proportional  to  y~2,  which  is  often  neglected  for 
high-energy  electron  beams,  the  second  term  is  the 
noninertial  space-charge  force  which  does  not  ap¬ 
pear  in  a  one-dimensional  analysis,  and  the  third 
term  represents  the  CSR  force.  The  retarded  posi¬ 
tion  of  the  source  particle,  is  obtained  from 
geometrical  considerations  and  found  as  the  solu¬ 
tion  of  a  transcendental  equation: 


P2R2(C  -  f)2  =  p2  +  2 R(R  +  x)(l  -  cos  £').  P) 


A  3-D  particle  tracking  code  JPP  [8]  has  been 
modified  to  calculate  the  self-field  caused  by  CSR 
and  by  noninertial  space-charge  effects,  where  the 
numerical  routine  for  the  self-field  is  based  on 
Carlsten’s  method. 

While  transient  analysis  is  necessary  to  estimate 
the  CSR  force  affecting  the  electrons  traveling 
through  magnets  of  finite  length  [3],  the  transient 
effect  is  not  included  in  the  calculations  through  the 
present  study.  This  is  because  the  transient  analysis 
of  the  CSR  force  in  six-dimensional  phase  space 
requires  quite  heavy  calculation  and  useful  results 
such  as  the  relationship  between  emittance  growth 


and  the  complex  impedance  of  a  beam  duct  can  be 
obtained  even  if  the  transient  effect  is  neglected. 


3.  Coherent  synchrotron  radiation  force  without 
shielding 

The  change  of  electron  energy  caused  by  the 
unshielded  CSR  force  is  calculated  and  compared 
with  theoretical  predictions  [2]  in  this  section.  We 
consider  an  electron  beam  transport  through 
a  two-dipole  dog-leg  as  shown  in  Fig.  1.  Parameters 
are  chosen  as:  radius  of  circular  path  R  =  2.292  m, 
path  length  in  each  magnet  Ld  =  20  cm,  energy  of 
electrons  E  —  400  MeV.  The  electron  bunch  is  as¬ 
sumed  to  be  a  Gaussian  shape  in  the  longitudinal 
direction,  oz  =  0.4  mm,  uniform  in  transverse  direc¬ 
tion  and  to  have  1  nC  charge.  In  the  calculations, 
the  noninertial  space-charge  term  is  neglected  and 
only  the  CSR  term  is  taken  into  account  to  com¬ 
pare  the  results  with  one-dimensional  theory  where 
the  noninertial  space  charge  does  not  appear. 

Fig.  2  shows  the  calculated  longitudinal  phase 
plot  after  the  dog-leg.  The  results  of  the  one-dimen¬ 
sional  theory  are  plotted  as  a  solid  line.  The  numer¬ 
ical  result  in  the  case  of  an  electron  beam  having 
a  relatively  small  radius,  rh  =  0.1  mm,  shows  good 
agreement  with  the  theoretical  one.  The  result  for 
rb  =  1  mm,  however,  shows  a  deviation  from  the 
theoretical  curve.  This  is  because  the  retarded  posi¬ 
tion  in  a  Lienard-Wiechert  potential  depends  on 
the  transverse  position  of  the  source  and  observer 
particles  as  shown  in  Eq.  (2)  and  a  one-dimensional 
treatment  does  not  give  a  good  approximation  for 
an  electron  bunch  of  relatively  large  transverse  size. 
This  limitation  of  the  one-dimensional  treatment 


Fig.  1.  Two-dipole  dog-leg:  achromatic  beam  line  consisting  of 
two  rectangular  magnets. 


R.  Hajima,  E.  lkeno  /  Nuclear  Instruments  and  Methods  in  Physics  Research  A  429  (1999)  315-319 


317 


Fig.  2.  Longitudinal  phase  plot  of  electron  bunch  after  the 
dog-leg.  The  transverse  size  of  the  bunch  is  (a)  rb  =  0.1  mm  and 
(b)  rb=  1  mm. 


should  be  considered  carefully  in  the  analysis  of 
bunch  compressors  where  an  electron  bunch 
spreads  in  the  horizontal  direction  due  to  disper¬ 
sion  of  the  beam  line. 


4.  Coherent  synchrotron  radiation  force 
shielded  by  conducting  walls 

In  this  section,  the  shielded  CSR  force  is  cal¬ 
culated  by  the  JPP  code  and  compared  with  the 
results  of  impedance  analysis. 


The  energy  loss  of  an  electron  bunch  by  the  CSR 
force  in  a  metallic  beam  pipe  can  be  expressed  as 

fdW\  00 

-7-  =  ~(qcm)2  I  l/«|2Re[Zn] 

\  at  /CSR  n=-oo 

=  ~{qcP/2nR (3) 

where  q  is  charge  of  the  bunch,  Z„  is  complex 
impedance  of  the  beam  pipe,  01  is  radiation  resist¬ 
ance  and  /„  is  a  longitudinal  Fourier  component  of 
an  electron  bunch  defined  as 


fn  = 


1 

2n 


*2n 

exp(  —  in0)2(6)  d  9 
o 


(4) 


where  X(6)  is  the  longitudinal  charge  distribution  of 
the  bunch. 

For  two  infinite  metallic  plates  placed  parallel  to 
the  orbit  plane,  the  impedance  can  be  expressed 
as  [1] 


2k2Z0R 


p2fn(f„  +  in) 


+ 


(jnR/h)2 
(nP)2  -  (jnR/h)2 


J„{Jn  + 


(5) 


where  h  is  the  distance  between  two  plates,  the  argu¬ 
ment  of  Bessel  functions  is  sJ(nP)2  —  (jnR/h)2  and  we 
assume  perfect  conductivity  of  the  plates. 

The  effect  of  conducting  plates  on  the  self-field  in 
a  particle  tracking  code  can  be  completely 
simulated  by  the  image  charge  method.  Although 
an  infinite  number  of  image  charges  are  required  to 
fulfill  the  boundary  condition  on  the  two  parallel 
plates,  we  can  truncate  the  number  of  image 
charges  without  degradation  of  accuracy  in  the 
simulation,  regarding  the  field  dependency  on  the 
distance  between  source  and  observer.  The  number 
of  image  charges  in  the  following  calculations  is 
carefully  determined  not  to  introduce  numerical 
error  arising  from  this  truncation.  In  the  calcu¬ 
lation  of  retarded  position,  a  tentative  solution  with 
a  “pencil  beam”  approximation  is  refined  through 
an  iterative  algorithm.  The  approximation  is, 
however,  not  appropriate  for  image  particles  far 
from  the  central  axis  of  the  trajectory.  A  special 
approximation,  therefore,  is  introduced  to  obtain  a 
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Fig.  3.  Averaged  energy  loss  of  an  electron  and  emittance 
growth  as  a  function  of  dimensionless  shielding  parameter:  en¬ 
ergy  loss  (A)  and  emittance  growth  (O)  calculated  by  JPP  code, 
energy  loss  calculated  from  impedance  analysis  (solid  line). 


tentative  retarded  position  for  the  image  particles 

[8]. 

We  consider  a  two-dipole  dog-leg  having  a  beam 
line  surrounded  by  two  infinite  parallel  plates  to 
study  the  shielding  effect  on  coherent  radiation  and 
emittance  growth.  The  energy  loss  of  electrons 
and  normalized  emittance  growth  are  calculated 
for  various  distances  between  the  two  plates.  Fig.  3 
shows  the  calculated  energy  loss  and  emittance 
growth  as  a  function  of  the  dimensionless  shielding 
parameter  Ra2/h3,  where  the  simulation  para¬ 
meters  are  chosen  as:  E  =  400  MeV,  rb  =  0.1  mm, 
q  =  1  nC,  gz  =  0.4  mm,  R  =  2.292  m,  Ld  =  0.2  m. 

It  can  be  seen  that  the  energy  loss  obtained  by 
the  JPP  code  agrees  with  the  result  of  impedance 
analysis,  where  energy  loss  can  be  neglected  for 
a  large  shielding  parameter  as  predicted  before  [9]. 

It  seems  that  the  reduction  of  emittance  growth 
by  shielding  of  metallic  walls  is  not  as  drastic  as  the 
energy  loss.  While  the  energy  loss  due  to  coherent 
radiation  for  h  =  10  mm  (Re2 /h3  =  0.37)  is  less 
than  1  keV,  ^  of  the  energy  loss  without  shielding, 
the  emittance  growth  is  about  ^  of  that  for  an  open 
duct.  This  different  dependence  of  the  shielding 
effect  between  energy  loss  and  emittance  growth 
can  be  explained  by  a  longitudinal  phase  plot  after 
the  dog-leg  as  shown  in  Fig.  4.  It  shows  that  rela- 
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Fig.  4.  Longitudinal  phase  plot  of  electron  bunch  after  the 
dog-leg. 


Fig.  5.  Obtained  emittance  growth  by  JPP  code  as  a  function  of 
inverse  of  magnitude  of  complex  radiation  resistance. 


tively  large  energy  modulation  still  exists,  while  the 
total  energy  loss  of  the  electron  bunch  is  almost 
zero.  This  energy  modulation  originating  in  the 
chicane  magnets  results  in  emittance  growth. 

The  estimation  of  emittance  growth,  therefore, 
requires  an  amount  of  energy  modulation  of  the 
electron  bunch.  It  means  that  we  should  consider 
the  imaginary  part  of  impedance  in  the  emittance 
analysis  as  well  as  the  real  part  which  is  directly 
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related  with  total  CSR  power.  We  introduce  a  con¬ 
cept  of  complex  radiation  resistance  to  include  the 
imaginary  part  of  the  impedance: 

00 

^  =  (2n)2  £  L/„|2(Re[Z„]  +iIm[Z„]).  (6) 

n  =  —  oo 

Fig.  5  shows  the  emittance  growth  obtained  by  the 
JPP  code  as  a  function  of  the  inverse  of  magnitude 
of  the  complex  radiation  resistance  calculated  from 
Eq.  (5).  It  seems  that  the  emittance  growth  of  an 
electron  bunch  due  to  shielded  coherent  synchro¬ 
tron  radiation  can  be  expressed  as  a  function  of 
complex  radiation  resistance. 

5.  Conclusion 

In  the  present  study  we  described  a  simulation 
code  which  enables  one  to  calculate  the  noninertial 
space  charge  and  coherent  synchrotron  radiation 
forces,  which  should  be  considered  in  the  design  of 
bunch  compressors  for  X-ray  FELs.  Averaged  en¬ 
ergy  loss  of  an  electron  due  to  the  CSR  force  is 
calculated  with  the  simulation  code  and  found  to 
be  consistent  with  one-dimensional  analytical  re¬ 
sults.  In  the  case  of  the  shielded  CSR  force,  the 
energy  loss  obtained  agrees  with  the  result  of  impe¬ 
dance  analysis.  It  is  found  that  the  emittance  growth 
of  an  electron  bunch  caused  by  the  shielded  CSR 
force  can  be  expressed  as  a  function  of  the  complex 
radiation  resistance  of  the  conducting  walls. 
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Abstract 

Emittance  preservation  in  beam  bending  systems  is  vitally  important  in  the  production  of  bright,  high-current  electron 
microbunches.  Generally,  the  emittance  increase  occurs  in  the  bend  plane  and  results  from  changes  in  the  microbunch 
energy  distribution  as  the  beam  transits  the  bend.  This  redistribution  of  electron  energies  increases  the  beam’s  divergence, 
and  hence  the  emittance,  by  spoiling  the  achromatic  transport  of  the  bending  system.  In  this  paper  we  investigate  the 
correlated  emittance  growth  in  a  three  dipole  chicane  compressor  due  to  coherent  synchrotron  radiation  (CSR).  Breaking 
the  symmetry  of  the  chicane  partially  cancels  the  CSR-induced  correlation  thereby  reducing  the  bend  plane  emittance 
growth.  The  consequences  of  this  emittance  compensation  scheme  are  discussed.  ©  1999  Elsevier  Science  B.V.  All  rights 
reserved. 

Keywords:  Microbunch  compression;  Emittance  growth;  Space  charge;  Coherent  synchrotron  radiation 


1.  Introduction 

Emittance  growth  of  high  charge  electron  beams 
in  transport  systems  typically  occurs  in  the  bend 
plane  as  a  result  of  changes  in  the  microbunch 
energy  distribution.  While  there  are  many  effects 
capable  of  producing  this  redistribution,  the  most 
common  are  the  space  charge  force,  wake  fields 
and  coherent  synchrotron  radiation  (CSR).  These 
three  phenomena  are  similar  in  their  effect  upon 
the  bend  plane  emittance.  They  all  change  the 
microbunch  energy  causing  a  combination  of 
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correlated  and  uncorrelated  emittance  growth.  This 
paper  demonstrates  that  small  modifications  to  the 
bend  transport  can  significantly  reduce  the  corre¬ 
lated  emittance.  Only  the  growth  due  to  CSR  is 
described  and  corrected,  however  the  basic  prin¬ 
ciples  could  be  applied  to  any  one  or  combination 
of  these  three  effects. 

2.  Comparison  of  computed  CSR  with  experiment 

In  earlier  papers1  [1,2],  we  modified  the  CSR 
overtake  potential  given  by  Debenev  et  al.  [3]  to 
account  for  the  startup  of  CSR  radiation  in  the 


1  The  sign  of  the  pole  face  rotations  given  in  Ref.  [1]  are  in 
error.  The  correct  angles  for  the  center  dipole  are  “  +  19.5°”,  as 
shown  in  Fig.  2. 
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Fig.  1.  Coherent  synchrotron  radiation  (CSR)  transfers  energy 
from  the  tail  to  the  head  of  the  microbunch. 


Fig.  2.  Boeing  chicane  composed  of  three  n  =  \  dipoles:  the 
outer  two  being  sector  magnets,  i.e.  no  pole  face  rotations,  while 
the  center  dipole  has  19.5°  rotations  on  both  the  entrance  and 
exit  pole  faces.  These  rotations  on  the  center  dipole  make  the 
chicane  doubly  achromatic.  The  chicane  is  non-isochronous 
with  Rs6  —  3  mm/%. 

catch-up  length  and  used  it  to  compute  the  emit- 
tance  growth  in  specific  bend  designs  (Fig.  1). 
This  paper  continues  this  work  by  showing  that 
modifications  to  the  bend  parameters  can  signifi¬ 
cantly  reduce  the  correlated  emittance  growth.  We 
begin  by  comparing  experimental  emittance  with 
those  computed  by  PARMELA  and  our  formula¬ 
tion  of  CSR  effects.  The  chicane  compressor 
studied  here  is  shown  in  Fig.  2. 

In  the  experiment,  2.7  nC  microbunches  were 
compressed  from  7  to  1.0  mm  (rms),  boosting  the 
peak  current  from  50  to  270  A  [1,4].  The  experi¬ 
mental  and  computed  bend  plane  emittances  are 
given  in  Fig.  3.  The  PARMELA  calculation  began 
with  the  experimental  emittance  of  8.8  n  mm-mrad 
(rms)  before  compressing  and  includes  only  space 
charge  forces.  Combining  this  emittance  in  quadra¬ 
ture  with  the  CSR  emittance  gives  good  agreement 
with  the  experiment,  and  verifies  we  have  accu¬ 
rately  modeled  CSR  effects. 

3.  Reduction  of  CSR-induced  correlated  emittance 

The  energy  distributions  produced  by  space 
charge  forces,  Wakefields  and  CSR  in  a  bending 


Peak  Current  (amperes) 


Fig.  3.  Comparison  of  experiment  with  PARMELA  and  CSR 
computed  emittance  growth. 


Adjust  pole  face  rotations 


Adjust  path  lengths  in  second  and  third  dipoles 

Fig.  4.  Modifying  the  path  lengths  and  pole  face  rotations  of  the 
second  and  third  dipoles  reduces  the  correlated  bend  plane 
emittance  growth  due  to  CSR. 


system  typically  generate  correlations  of  electron 
position  and  angle  with  the  longitudinal  position  in 
the  microbunch.  Uncorrected,  these  correlations 
become  scrambled  in  the  transport  following  the 
compressor  and  contribute  to  the  random,  statist¬ 
ical  emittance.  However,  as  we  will  demonstrate,  by 
making  the  compressor  transport  asymmetric  the 
emittance  growth  is  significantly  reduced.  This  is 
done  in  the  Boeing  chicane  by  modifying  the  path 
lengths  and  pole  face  rotations  of  the  second 
and  third  dipoles  from  the  achromat  design  values 
(Fig.  4). 

We  demonstrate  this  type  of  emittance  compen¬ 
sation  with  two  examples.  The  first  is  similar  to  the 
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Ax  (mm)  Ax  (mm) 

Fig.  5.  Bend-plane  phase  spaces  for  a  microbunch  being  compressed  to  313  A.  Increasing  the  path  length  in  the  center  dipole  by  0.8%, 
compensates  for  the  CSR-induced  emittance  growth.  The  ellipse  represents  the  rms.  emittance. 


Ax  (mm)  Ax  (mm) 


Fig.  6.  Bend-plane  phase  spaces  corresponding  to  microbunch  compression  from  50  to  1000  A.  Increasing  the  last  dipole  path  length 
4%  and  changing  the  entrance  pole  face  rotation  from  0  to  —  15.6°  significantly  reduces  CSR  emittance  growth. 


experiment  just  described.  In  this  case,  a  1  re  mm-  emittance  to  2.9  n  mm-mrad.  Fig.  5  shows  the  un- 

mrad,  2.7  nC  microbunch  is  compressed  from  45  to  compensated  and  compensated  phase  spaces. 

313  A  of  peak  current,  and  the  emittance  grows  to  The  second  example  represents  a  more  extreme 

5.1  n  mm-mrad.  However,  increasing  the  path  case  where  a  3  nC  microbunch  is  compressed  from 

length  in  the  center  dipole  by  0.8%  reduces  the  final  50  to  1000  A.  The  uncompensated  emittance  grows 
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to  16  7i  mm-mrad.  However,  in  this  case,  by  in¬ 
creasing  the  third  dipole  path  length  4%  and  rotat¬ 
ing  its  entrance  pole  face  to  —  15.6°  reduces  this  to 
6  7i  mm-mrad.  The  relevant  phase  spaces  are  shown 
in  Fig.  6. 

4.  Summary  and  conclusions 

The  energy  distributions  produced  by  space 
charge  forces,  wakefields  and  CSR  in  a  bending 
system  typically  lead  to  correlations  between  elec¬ 
tron  angle  and  longitudinal  position  in  the  micro¬ 
bunch.  The  result  is  a  component  of  the  emittance 
growth  in  bends,  which  is  correlated  to  various 
orders  of  the  z-position  in  the  microbunch.  This 
work  shows  it  is  possible  to  cancel  this  correlation 


by  breaking  the  symmetry  of  the  bend.  In  one  case 
considered  here,  the  CSR-induced  emittance 
growth  is  reduced  by  more  than  a  factor  of  two. 
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Abstract 

We  report  on  the  design  of  the  RF  photoinjector  of  the  Linac  Coherent  Light  Source.  The  RF  photoinjector  is  required 
to  produce  a  single  150  MeV  bunch  of  -  1  nC  and  -  100  A  peak  current  at  a  repetition  rate  of  120  Hz  with  a  normalized 
rms  transverse  emittance  of  ~  Itc  mm-mrad.  The  design  employs  a  1.6-cell  S-band  RF  gun  with  an  optical  spot  size  at  the 
cathode  of  a  radius  of  ~  1  mm  and  a  pulse  duration  with  an  rms  sigma  of  ~  3  ps.  The  peak  RF  field  at  the  cathode  is  150 
MV/m  with  extraction  57°  ahead  of  the  RF  peak.  A  solenoidal  field  near  the  cathode  allows  the  compensation  of  the 
initial  emittance  growth  by  the  end  of  the  injection  linac.  Spatial  and  temporal  shaping  of  the  laser  pulse  striking  the 
cathode  will  reduce  the  compensated  emittance  even  further.  Also,  to  minimize  the  contribution  of  the  thermal  emittance 
from  the  cathode  surface,  while  at  the  same  time  optimizing  the  quantum  efficiency,  the  laser  wavelength  for  a  Cu  cathode 
should  be  tunable  around  260  nm.  Following  the  injection  linac  the  geometric  emittance  simply  damps  linearly  with 
energy  growth.  PARMELA  simulations  show  that  this  design  will  produce  the  desired  normalized  emittance,  which  is 
about  a  factor  of  two  lower  than  has  been  achieved  to  date  in  other  systems.  In  addition  to  low  emittance,  we  also  aim  for 
laser  amplitude  stability  of  1%  in  the  UV  and  a  timing  jitter  in  the  electron  beam  of  0.5  ps  rms,  which  will  lead  to  less  than 
10%  beam  intensity  fluctuation  after  the  electron  bunch  is  compressed  in  the  main  linac.  ©  1999  Elsevier  Science  B.V. 
All  rights  reserved. 
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1.  Introduction 

The  Linac  Coherent  Light  Source  (LCLS)  [1] 
is  a  future  free  electron  laser  (FEL)  in  the  1  A  wave- 
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length  regime,  in  which  a  low-emittance  electron 
beam  is  generated  with  an  RF  photoinjector, 
accelerated  to  15  GeV  using  existing  sectors  of 
the  Stanford  Linear  Accelerator  Center  (SLAC) 
3-km  linac,  and  compressed  at  intermediate 
energies  by  two  magnetic  chicanes  to  a  length  of 
20  pm.  Subsequently,  the  beam  is  injected 
into  a  100  m  undulator.  FEL  lasing  is  produced  in 
a  single  pass  of  the  electron  beam  through  the 
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undulator  by  Self-Amplified  Spontaneous  Emis¬ 
sion  (SASE). 

The  electron  source  for  the  LCLS  consists  of 
a  high-gradient  1.6-cell  S-band  RF  gun  with  a  cop¬ 
per  photocathode  illuminated  by  intense  optical 
pulses  at  260  nm  provided  by  an  Nd:Y AG-pum¬ 
ped  Ti :  Sapphire  laser  system  whose  fundamental 
frequency  is  tripled.  The  source  must  produce 
a  nominal  1  nC  pulse  with  low  transverse  and 
longitudinal  emittance  at  a  pulse  repetition  rate  of 
120  Hz.  The  required  1  a  rms  emittance  for  the 
nominal  charge  is  <  Ik  mm-mrad.  A  significant 
part  of  the  overall  emittance  produced  by  the 
source  is  expected  to  be  contained  in  the  spatial  and 
temporal  halo  of  the  pulse,  which  can  be  removed 
downstream  of  the  photoinjector,  if  desired,  with 
scrapers.  To  meet  the  emittance  requirements,  the 
optical  spot  size  at  the  cathode  has  a  radius  of  ~  1 
mm,  the  pulse  duration  has  an  rms  sigma  of  ~  3  ps, 
and  the  RF  field  at  the  cathode  is  130-150  MV/m. 

2.  RF  photocathode  gun 

The  RF  gun  design  is  based  on  the  1.6-cell  gun 
developed  by  a  BNL/SLAC/UCLA  collaboration 
[2].  The  parameters  of  the  gun  as  applied  to  the 
LCLS  are  listed  in  Table  1.  To  minimize  emittance 
growth  due  to  the  Ez  component  of  the  TM110 


Table  1 

Photoinjector  gun  parameters.  A  uniform  temporal  laser  pulse 
profile  is  assumed 


Parameter 

Value 

Cathode  material 

Cu  (or  possibly  Mg) 

Usable  diameter  of  cathode 

12  mm 

Quantum  efficiency 

10-5  at  260  nm 

Nominal  extraction  field 

140  MV/m 

Charge  per  bunch 

-  1  nC 

Peak  current 

-  100  A 

Beam  energy  at  gun  exit 

7  MeV 

Energy  spread  at  exit 

0.2%  rms 

RF  frequency 

2856  MHz 

Bunch  rep  rate 

120  Hz 

RF  pulse  duration 

3-4  pis 

RF  peak  power 

15  MW 

Number  of  cells 

1.6 

Length 

0.168  m 

mode,  the  gun  has  been  symmetrized.  The  original 
BNL  zero-mode-suppressed  side  coupling  has  been 
replaced  by  side-coupling  RF  into  the  full  cell  only. 
In  consequence  the  cell-to-cell  coupling  between 
the  two  cells  has  been  improved  by  increasing  the 
iris  size,  which  also  increases  the  mode  separation 
between  the  zero  and  7t-modes.  This  arrangement 
allows  for  more  precise  held  balancing  during  tu¬ 
ning.  To  provide  more  RF  focusing  and  decrease 
the  peak  held  on  the  cell-to-cell  iris,  the  half-cell 
length  has  been  slightly  increased. 

A  schematic  of  the  gun  is  shown  in  Fig.  1.  There 
are  two  identical  coupling  ports  in  the  full  cell, 
located  180°  apart.  The  RF  waveguide  is  connected 
to  one  port  and  a  vacuum  pump  to  the  second.  For 
diagnostic  purposes,  an  RF  monitoring  loop  is  also 
located  in  the  second  port.  The  photocathode  is 
located  at  the  geometric  center  of  the  end  plate  of 
the  half-cell.  The  end  plate  is  removable  to  facilitate 
installation  of  cathode  material  other  than  Cu  by 
implantation  or  by  using  an  insert.  The  laser  beam 
can  be  brought  to  the  cathode  either  along  the  axis 
of  the  gun  or  at  grazing  incidence  through  the  72° 


Fig.  1.  Perspective  of  the  gun  assembly.  The  beam  exits  to  the 
right  (figure  by  C.  Stelmach  and  S.  Pjerov,  NSLS,  BNL). 
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side  port  (not  shown  in  the  figure).  The  peak  electric 
field  at  the  cathode  is  150  MV/m  and  the  laser  pulse 
is  injected  57°  ahead  of  the  peak. 

The  15  MW  in  RF  power  required  for  the  gun 
will  be  provided  by  the  first  of  the  two  klystron 
stations  in  Linac  0,  the  first  accelerator  section  after 
the  RF  gun  and  up  to  a  chicane  (see  Section  5). 
Phase  and  amplitude  for  the  gun  can  be  set  inde¬ 
pendently  of  the  downstream  injector  accelerating 
sections.  A  diagnostic  section  of  0.75  m  will  separ¬ 
ate  the  exit  of  the  gun  from  the  entrance  of  Linac  0. 
Apart  from  including  vacuum  isolation  valves,  this 
drift  space  will  contain  a  beam  position  monitor 
(BPM),  current  monitor,  Faraday  cup,  profile 
screen,  and  steering  magnets. 

3.  Photocathode 

A  metal  photocathode  is  chosen  for  the  RF  gun. 
The  quantum  efficiency  (QE)  for  Cu  illuminated 
with  UV  light  depends  somewhat  on  surface  prep¬ 
aration,  but  a  QE  of  10” 5  at  260  nm  seems  reason¬ 
ably  conservative  for  normal  incidence  [3-5]. 
A  gain  in  QE  by  a  factor  of  two  to  four  can  be 
achieved  by  illuminating  the  cathode  at  a  grazing 
angle.  At  260  nm  an  optical  pulse  of  ~  500  pJ  on 
the  cathode  is  required  to  produce  1  nC  of  charge 
when  the  QE  is  10” 5. 

The  principal  advantage  of  a  metal  cathode  is 
that  its  QE  is  relatively  impervious  to  exposure  to 
atmospheric  air  or  the  vacuum  environment  of  the 
operating  gun.  Thus  special  cathode  preparation 
and  installation  (e.g.  load-lock)  techniques  are  less 
critical. 

The  photoelectric  response  of  metal  cathodes  is 
on  the  sub-picosecond  level,  thus  imposing  no  lim¬ 
itation  on  any  desired  temporal  pulse  shaping.  Fi¬ 
nally,  the  use  of  Cu  as  the  cathode  allows  the  entire 
end  plate  of  the  half-cell  to  be  formed  in  the  stan¬ 
dard  manner  of  Cu  RF  cavities,  permitting  opera¬ 
tion  at  the  highest  field  values.  The  use  of  a  cathode 
plug  or  insert  in  an  S-band  gun  has  so  far  limited 
the  cathode  field  to  about  80  MeV/m,  whereas 
simulations  indicate  the  transverse  emittance  drops 
with  increasing  field  up  to  about  140  MeV/m. 
Nonetheless,  since  the  QE  of  Mg  cathodes  is  several 
times  higher  than  for  Cu,  we  are  searching  for  a  way 


to  use  an  Mg  cathode  with  fields  on  the  order  of 
150  MV/m. 


4.  Laser 

The  laser  system  [6]  is  required  to  deliver  a  500 
pj  pulse  of  UV  photons  to  the  cathode  at  a  repeti¬ 
tion  rate  of  120  Hz.  To  meet  the  emittance  require¬ 
ments  of  the  source,  the  laser  must  have  a  pulse 
length  in  the  range  of  3-5  ps  rms  and  radius  of  ~  1 
mm  hard  edge  on  the  cathode  in  order  to  balance 
the  effects  of  space  charge  and  RF  on  emittance 
growth  in  the  gun  itself.  Pulse  shaping  is  required  to 
optimize  both  the  transverse  and  longitudinal  emit¬ 
tance.  Stability  of  the  laser  pulses  of  better  than  0.5 
ps  rms  in  time  and  1%  in  energy  in  the  UV  is 
crucial  for  the  bunch  compressors  and  FEL.  The 
laser  system  is  shown  in  Fig.  2.  A  CW,  frequency 
doubled,  diode  pumped  Nd:YAG  laser  provides 
energy  in  the  green  (532  nm)  to  pump  the  CW 
mode-locked  Ti: Sapphire  oscillator,  which  delivers 
a  continuous  train  of  10  nJ,  100  fs  FWHM  pulses 
that  repeat  at  119  MHz.  By  using  this  frequency, 
which  is  the  24th  sub-harmonic  of  the  linac’s  2856 
MHz  RF,  the  timing  of  the  laser  pulse  can  be 
locked  to  the  phase  of  the  RF  in  the  linac  and  gun. 
The  timing  system  is  shown  in  Fig.  3  and  described 
in  more  detail  in  Ref.  [1].  The  wavelength  of  the 
oscillator  is  tuned  to  780  nm,  which  after  amplifica¬ 
tion  is  frequency  tripled  to  260  nm.  With  the  pos¬ 
sible  exception  of  a  timing  stability  of  0.5  ps  rms, 
oscillators  of  this  type  are  commercially  available. 
A  Pockels  cell  and  polarizer  are  used  to  gate  single 
pulses,  at  120  Hz,  from  the  119  MHz  pulsetrain. 
The  selected  pulses  are  then  amplified  by  two  multi¬ 
pass  Ti:Sapphire  crystals,  both  configured  as  4-pass 
“bow-tie”  amplifiers.  Both  are  pumped  by  a  single 
Q-switched,  doubled  Nd:YAG  laser  that  can  pro¬ 
duce  a  120  Hz  train  of  3  ns  pulses,  which  is  also 
a  commercial  system.  The  pump  output  is  stabil¬ 
ized  by  “trimming”  a  few  percent  of  the  main  pump 
pulse  by  the  use  of  a  Pockels  cell. 

The  system  uses  chirped  pulse  amplification 
(CPA)  [7]  to  avoid  damage  and  nonlinearities  in 
the  amplifiers.  The  large  bandwidth  of  Ti:Sapphire 
enables  us  to  use  pulse  shaping  in  time  at  the  0.1  ps 
level  in  order  to  optimize  the  emittance  of  the 
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Fig.  2.  The  drive  laser  for  the  RF  photocathode  electron  gun  for  the  LCLS.  The  thick  lines  show  the  main  beam  path,  the  closely  spaced, 
dashed  lines  indicate  diagnostic  beams,  and  the  widely  spaced,  dashed  lines  are  pump  beams. 


VII.  ACCELERATORS 


electron  beam  in  the  gun  and  injector.  This  is  done 
by  a  computer  controlled  liquid  crystal  display 
(LCD)  mask,  which  is  positioned  in  the  Fourier 
plane  of  two  gratings  just  after  the  oscillator. 

After  the  second  amplifier,  the  transverse  shape 
of  the  pulse  is  modified  from  Gaussian  to  uniform 
to  better  match  the  requirements  for  obtaining 
a  low  emittance  from  the  gun.  The  laser  pulse  is 


then  tripled  in  frequency  and  transported  to  the 
gun  by  means  of  Fourier  imaging  that  also  includes 
compensation  for  the  temporal  and  spatial  distor¬ 
tion  caused  by  grazing  incidence  onto  the  photo¬ 
cathode. 

The  energy  management  of  the  system  is  as  fol¬ 
lows:  transmission  through  the  spatial  flattener 
~  50%,  through  the  compressor  ~  50%,  through 
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the  tripling  stage  ~  25%  and  through  the  optical 
transport  to  the  gun  ~  50%.  Consequently  start¬ 
ing  from  18  mJ  in  the  IR  after  the  second  amplifier, 
the  required  500  pJ  of  UV  is  delivered  to  the 
cathode.  Table  2  is  a  summary  of  the  laser  para¬ 
meters. 


5.  Linac  0 

The  design  of  Linac  0  was  originally  described  in 
Ref.  [8].  Some  additional  details  can  be  found  in 


Table  2 

Laser  system  requirements 


Parameter 

Value 

Operating  wavelength 

260-280  nm 

Pulse  rep  rate 

120  Hz 

Number  of  micropulse 

1  (for  LCLS-I),  40  (for  LCLS-II) 

per  pulse 

Pulse  energy  on  cathode 

>  500  pJ 

Pulse  radius  on  cathode 

-  1  mm  HWHM 

Pulse  risetime 

1.0  ps 

Pulse  length 

10  ps  (tunable) 

Longitudinal  pulse  form 

Various 

Transverse  pulse  form 

Uniform 

Homogeneity  on  cathode 

10%  ptp 

Pulse-to-pulse  energy  jitter 

<  1% 

Laser  to  RF  stability 

<  0.5  ps  rms 

Spot  diameter  jitter 

1%  ptp 

on  cathode 

Pointing  stability 

<  1%  ptp 

Ref.  [1].  Linac  0  consists  of  four  SL AC-type  3  m  S- 
band  accelerator  sections,  associated  solenoid,  and 
necessary  drift  sections  with  diagnostics.  It  is  pre¬ 
ceded  by  the  RF  gun  and  diagnostic  section  and 
followed  by  a  second  diagnostic  section  and  an 
achromatic  bend  system  (low-energy  dog-leg)  that 
brings  the  beam  into  the  15  GeV  linac.  The  layout 
of  the  photoinjector  system  is  shown  in  Fig.  4.  The 
overall  length  from  the  photocathode  to  the  last 
accelerator  section  output  flange  is  15.8  m,  includ¬ 
ing  four  drift  sections  of  75,  47,  105  and  105  cm, 
respectively.  The  gun  solenoid  is  20  cm  in  length 
and  is  located  19.8  cm  downstream  of  the  photo¬ 
cathode.  Two  linac  solenoids,  each  70  cm  in  length 
are  located  at  the  end  of  accelerating  sections  2  and 
3,  respectively. 

Two  SLAC-type  5045  klystrons  are  required,  one 
to  power  the  gun  and  the  first  two  3  m  sections  and 
the  other  for  the  last  two  3  m  sections.  They  will  be 
operated  in  an  un-SLEDed  mode  [9].  As  shown  in 
Fig.  4  high-power  RF  phase  shifters  and  at¬ 
tenuators  will  allow  the  independent  control  of  the 
gun  and  first  two  3  m  sections. 

In  Linac  0,  after  each  accelerator  section  there 
will  be  a  beam  position  monitor  (BPM),  a  current 
monitor,  and  a  screen.  Between  the  second  and 
third  sections,  an  X-band  cavity  will  be  placed 
alongside  a  ceramic  gap  in  the  beamline.  The 
charge-normalized  RF  intensity  generated  in  this 
cavity  as  an  electron  bunch  passes  can  be  used  to 
minimize  the  bunchlength.  Transverse  emittance 
diagnostics  are  included  in  the  dog-leg  system. 
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Fig.  4.  Overall  layout  of  the  LCLS  photoinjector  showing  the  RF  gun,  Linac  0,  and  the  low-energy  dog-leg,  with  drift  sections  and 
diagnostics  indicated,  see  Ref.  [8]. 
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6.  Emittance  compensation 

In  1989  Carlsten  [10]  pointed  out  that  by  simply 
placing  a  solenoidal  field  at  the  proper  location  at 
the  gun  one  can  reverse  the  evolution  of  phase 
space  such  that  at  a  latter  point  downstream  the 
individual  phase  spaces  of  the  various  slices  of  the 
beam  will  momentarily  be  aligned.  Emittance  com¬ 
pensation  in  the  RF  gun  is  done  by  using  a  solenoid 
with  precisely  defined  field  symmetry  and  posi¬ 
tioned  at  the  gun’s  exit  to  an  accuracy  of  25  pm.  An 
identical  compensation  magnet  with  current  flow  in 
the  opposite  sense  will  be  used  to  null  the  magnetic 
field  at  the  cathode.  We  base  our  design  on  recent 
experiments  at  the  ATF  at  BNL  [11]  that  have 
shown  encouraging  results  on  emittance  compensa¬ 
tion,  as  shown  in  Fig.  5. 

Emittance  compensation  in  Linac  0  was  studied 
extensively  using  PARMELA  as  originally  de¬ 
scribed  in  Ref.  [8].  In  the  first  3-m  section,  where 
the  gradient  is  7  MV/m,  a  1.5%  energy  spread  for 
the  full  beam  is  introduced  to  help  in  emittance 
compensation  by  placing  the  centroid  of  the  beam 
~  5°  ahead  of  the  RF  crest.  This  energy  spread  is 
removed  in  the  last  two  3  m  sections,  where  the 
gradient  is  17  MeV/m,  by  placing  the  RF  such  that 
the  beam  is  slightly  behind  the  crest.  The  magnetic 
field  in  the  emittance  compensation  solenoid  at  the 
gun  is  slightly  less  than  3  kG  with  an  effective 
length  of  ~  20  cm,  while  the  solenoid  between  the 


Fig.  5.  PARMELA  simulation  of  compensated  normalized 
emittance  of  ATF  gun  and  beamline  as  a  function  of  position 
(defined  as  the  center)  of  the  emittance  compensating  solenoid. 
The  actual  position  of  the  solenoid  during  the  experiments  is 
shown  by  the  square  data  point. 


accelerating  sections  is  slightly  greater  than  3  kG 
with  an  effective  length  of  70  cm. 

At  the  entrance  to  the  third  3-m  section,  the 
beam  energy  is  ~  50  MeV  so  that  space  charge 
effects  are  much  reduced.  The  RF  field  gradient 
though,  is  more  than  double  in  this  section  as  in  the 
previous  two,  so  the  beam  radius  is  purposely  re¬ 
duced  by  using  a  solenoid  between  the  second  and 
third  sections.  The  transverse  space  charge  distri¬ 
bution  at  the  cathode  is  assumed  to  be  uniform  and 
the  temporal  shape  Gaussian  with  an  rms  sigma  of 
4.4  ps,  truncated  at  ±  2  sigma,  resulting  in  overall 
rms  length  of  3.8  ps.  Table  3  and  Figs.  6  and  7  show 
the  resulting  electron  beam  parameters  at  the  end 
of  Linac  0. 


Table  3 

Electron  beam  parameters  at  end  of  Linac  0,  see  Ref.  [8] 


Parameter 

Value 

Energy 

150.5  MeV 

Bunch  charge 

1.0  nc 

rms  pulse  length 

2.3(0.69)  ps(mm) 

Halo  population 

7.7% 

rms  relative  energy  spread 

0.13% 

Normalized  rms  core  emittance 

I.Iti  mm  mrad 

r  / psec 


-5.0  *2.5  0.0  2.5  5.0 

r  /psec 


Fig.  6.  PARMELA  results  for  bunch  at  150  MeV  showing:  (top 
left)  temporal  distribution;  (top  right)  x-y  space;  (bottom  left) 
longitudinal  phase  space;  and  (bottom  right)  energy  distribution, 
see  Ref.  [8]. 
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Fig.  7.  Normalized  emittance  (solid  line)  and  rms  beam  size  (dashed  line)  along  the  beamline  from  the  cathode  (s  —  0)  to  150  MeV  at  the 
end  of  Linac  0.  The  step  at  s  ~  16  m  is  a  7.7%  halo  cut  (in  simulation  only),  see  Ref.  [8]. 


7.  Summary 

We  have  presented  the  design  of  the  RF  photoin¬ 
jector  of  the  LCLS.  The  RF  photoinjector  is  re¬ 
quired  to  produce  a  single  150  MeV  bunch  of  ~  1 
nC  and  ~  100  A  peak  current  at  a  repetition  rate  of 
120  Hz  with  a  normalized  rms  transverse  emittance 
of  ~  In  mm-mrad.  The  design  employs  a  copper 
cathode,  1.6-cell  S-band  RF  gun,  which  has  been 
symmetrized,  a  CPA,  Ti:Sapphire  laser  system  that 
is  pulse-shaped,  frequency  tripled  and  stabilized 
both  in  timing  and  intensity  and  a  linac  0  with  four 
3-m  SLAC-type  accelerating  sections.  PARMELA 
simulations  show  that  this  design  will  produce 
a  beam  with  the  desired  characteristics  at  150  MeV. 
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Abstract 

The  fundamental  design  of  this  newly  developed  RF  gun  with  a  thermionic  cathode  is  the  tt/2  mode  standing  wave 
structure.  It  has  two  accelerating  cells  and  a  coupling  cell  located  on  the  beam  axis,  a  so-called  on  axis  coupled  structure 
(OCS).  This  structure  offers  a  stable  operation  for  high  beam  current,  owing  to  high  group  velocity  and  wide  bandwidth. 
It  is  important  to  reduce  damage  onto  the  cathode  caused  by  back  bombardment,  especially  for  long  macropulse 
operation,  such  as  in  an  FEL  injector.  Back  bombardment,  as  well  as  output  beam  profile  was  simulated  by  using  the 
electromagnetic  field  analytical  codes  ‘EMSYS’(2D)  and  4MAFIA’(3D).  The  cavity  shape  was  optimized  to  reduce  back 
bombardment  power  without  sacrificing  beam  emittance.  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 


1,  Introduction 

Today,  RF  guns  are  commonly  used  as  injectors 
which  obtain  a  higher  brightness  beam  than  con¬ 
ventional  guns  [1].  Laser-driven  RF  guns  can  emit 
extremely  high  brightness  beams,  but  the  lifetimes 
of  cathodes  are  too  short  to  operate  stably  and 
mode-locked  drive  lasers  are  considerably  expen¬ 
sive.  Although  RF  guns  with  thermionic  cathodes 
are  compact  and  low-cost  injectors,  back  bombard¬ 
ment  is  the  critical  disadvantage  especially  for  long 
macropulse  operation. 

Kawasaki  Heavy  Industries  (KHI)  is  construct¬ 
ing  an  RF-linac  based  compact  FEL  system  of 
which  the  wavelength  range  is  5-16  pm  [2].  A  com¬ 
bination  of  an  S-band  RF  gun  with  a  thermionic 
cathode  and  an  alpha-magnet  was  selected  as 
a  compact  injector  which  can  generate  a  sufficiently 
brilliant  beam  for  FEL  lasing. 


*  Corresponding  author. 


We  chose  the  standing  wave  n/2  mode  as  the 
accelerating  mode  which  is  advantageous  for  the 
field  stability  over  the  beam  loading  or  structural 
imperfection.  The  coupling  cavity  is  located  on  the 
beam  axis,  a  so-called  on  axis  coupled  structure 
(OCS)  [3,4].  The  cavity  shape  was  designed  by 
using  electromagnetic  field  analytical  codes  to 
minimize  the  back  bombardment  power  without 
sacrificing  beam  emittance.  We  will  describe  the 
details  of  the  design  and  the  results  of  the  beam 
simulations. 


2.  Outline  of  design 

The  design  goals  established  for  the  gun  operat¬ 
ing  as  an  injector  of  the  FEL  system  are:  (1)  the 
usable  charge  (i.e.  electrons  with  energy  >  95%  of 
the  peak  energy)  included  in  each  bunch  should  be 
more  than  0.15  nC,  (2)  the  peak  momenta  should  be 
about  2  MeV,  (3)  linear,  monotonic  dependence  of 
energy  on  time  for  10-20  ps  during  a  bunch  to 
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Fig.  1.  Cross-sectional  view  of  the  OCS  type  RF  gun. 


10  12  14  16 


disk  hole  radius  [mm] 


Fig.  2.  Coupling  coefficients  (kl2,k2 3)  as  functions  of  disk  hole 
radii. 


Fig.  3.  Coupled  resonator  model  for  the  OCS  type  RF  gun  with 
nearest  neighbor  and  second  nearest-neighbor  coupling. 


Each  cell  is  electrically  coupled  with  other  cells  at 
the  disk  hole  on  the  beam  axis.  The  coupling  coef¬ 
ficient  between  neighboring  cells  depends  on  the 
radius  of  the  disk  hole,  as  the  disk  thickness  is  kept 
constant  (5  mm).  Fig.  2  shows  the  relation  between 
the  radius  of  the  disk  hole  and  the  coupling  co¬ 
efficient. 

Fig.  3  shows  a  coupled  resonator  model  for  the 
OCS  type  RF  gun  with  nearest  and  second  near¬ 
est-neighbor  coupling.  For  the  lossless  case  (high 
Q),  the  coupled  equations  in  matrix  format  gener¬ 
ated  from  the  model  above  are  [3,6] 
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where 


allow  bunch  compression  by  an  alpha  magnet,  (4) 
the  normalized  emittance  of  the  output  beam 
should  be  less  than  20  7rmm-mrad,  (5)  minimized 
back  bombardment  power  onto  the  cathode. 

Fig.  1  is  a  cross-sectional  view  of  the  OCS  type 
RF  gun.  The  standing  wave  n/2  mode  was  selected 
as  the  accelerating  mode  and  ideally  the  accelerat¬ 
ing  field  does  not  exist  in  the  second  cell.  This  mode 
has  an  advantage  in  field  stability  over  beam  load¬ 
ing  or  frequency  errors  of  the  individual  cells  [5].  In 
the  third  cavity,  there  is  an  RF  input  port  which 
feeds  RF  power  to  the  cavity.  A  vacuum  pumping 
port  is  located  at  the  axially  opposite  position  of 
the  RF  input  port  in  order  to  minimize  the  asym¬ 
metric  field. 


§n  =  co_wn  (n  =  1)23)  (1) 

CO 

The  quantities  In  (n  —  1,2,3)  are  forcing  terms, 
Xn  are  amplitudes  and  con  are  resonant  frequencies 
for  individual  cells.  There  are  three  solutions  to  the 
homogenous  equations  (7W  =  0)  corresponding  to 
the  0,  tc/2  and  n  modes.  Assuming  the  n/2  mode, 
Eq.  (1)  gives  the  amplitude  ratio  of  the  first  and 
third  cells  (a)  as  follows: 


*12 

*23 


l*3l  ,  V 


(2) 


That  means  we  can  design  the  field  balance  be¬ 
tween  the  first  and  third  cells  by  slightly  changing 
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the  radii  of  the  disk  holes.  The  field  ratio  is  the 
important  parameter  for  emittance  of  the  output 
beam  and  the  back  bombardment  power  [7].  We 
determined  the  field  ratio  so  as  to  minimize  the 
back  bombardment  power  without  sacrificing  emit¬ 
tance  by  using  the  beam  simulations  described  in 
the  next  section. 


3.  Simulation  and  design  optimization 

The  electric  field  profiles  were  calculated  by 
using  the  field  analytic  modules  of  EMSYS  and 
MAFIA,  and  beam  dynamics  was  calculated  by  the 
full  relativistic  and  electromagnetic  particle-in-cell 
analytic  module  of  EMSYS.  Electric  field  proper¬ 
ties  were  calculated  by  SUPERFISH  and  the  re¬ 
sults  were  consistent  with  those  given  by  EMSYS 
and  MAFIA. 

In  order  to  meet  design  criterion  (1),  current 
density  of  16  A/cm2  and  cathode  diameter  of  6  mm 
were  determined  assuming  that  the  gun  will  employ 
an  impregnated-tungsten  dispenser  cathode.  We 
determined  the  coupling  coefficient  of  the  input 
coupler  to  obtain  maximum  accelerating  field  un¬ 
der  beam-loading.  The  electrode  shape  of  the  third 
cell  was  designed  to  obtain  proper  focusing,  while 
maintaining  a  high  shunt  impedance. 

As  described  above,  we  can  vary  a  by  slightly 
changing  the  radii  of  disk  holds.  To  satisfy  design 
criterion  (3)  we  also  varied  the  length  of  the  first  cell 
as  a  varied.  A  larger  a  offers  lower  back  bombard¬ 
ment  power,  but  aggravates  the  emittance  of  the 
output  beam  because  the  accelerating  field  on  the 
cathode  goes  smaller.  Fig.  4  shows  calculated  emit¬ 
tance  of  the  output  beam  and  back  bombardment 
power  as  functions  of  a.  We  can  see  a  monotonic 
decrease  of  back  bombardment  power  and  emit¬ 
tance  aggravation  at  a  >  2.6.  We  determined 
a  =  2.6  from  this  result.  Final  parameters  of  the  RF 
gun  are  listed  in  Table  1. 

Fig.  5(a)  gives  a  calculated  energy  spectrum  of 
the  output  beam.  Energy  spread  (FWHM)  is  less 
than  30  keV.  Fig.  5(b)  shows  the  energy  of  the 
output  beam  as  a  function  of  time.  The  dependence 
of  energy  on  time  is  sufficiently  linear  for  about  10 
ps  from  the  head  of  the  beam,  and  the  charge 
contained  during  10  ps  is  about  0.17  nC.  Average 


1  1.5  2  2.5  3 

a 

Fig.  4.  Emittance  of  output  beam  and  back  bombardment 
power  as  functions  of  a  calculated  by  EMSYS. 


Table  1 

Optimized  parameters  of  the  RF  gun 


Drive  frequency 

fo 

2856  MHz 

Coupling  coefficient  of  the 

P 

3 

input  coupler 

Coupling  coefficient  between  cells 

*12 

1.4% 

*23 

3.6% 

Max.  accelerating  field 

£pl 

30  MV/m 

(first  cavity) 

Max.  accelerating  field 

£p3 

65  MV/m 

(third  cavity) 

Max.  surface  field 

Es 

140  MV/m 

1.90  1.92  1.94  1.96  5  10  15  20  25  30 

momentum  [MeV]  relative  time  [ps] 


Fig.  5.  (a)  Energy  spectrum,  (b)  time  dependence  of  energy  of 
output  beam  calculated  by  EMSYS. 


norm,  emittance  [rtmm-mrad] 
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Table  2 

Parameters  of  output  beam  and  back  bombardment  calculated 
by  EMSYS 


Peak  momentum  of  output 

Pp 

1.9  MeV 

beam 

Norm,  rms  emittance 

11  7imm-mrad 

Energy  spread  (FWHM) 

A  E 

25  keV 

Bunch  length 

At 

5  ps 

Average  back  bombardment 

P  bb 

1.1  W 

power 


0.0  0.2  0.4  0.6  0.8  1.0  1.2  1.4  1.6 

E  [Me Vi 


Fig.  6.  Calculated  energy  spectra  of  back  bombarding  beam. 
Solid  line  represents  the  optimized  cavity  (a  =  2.6).  Dashed  line 
represents  smaller  a  (  —  1.0)  case. 

back  bombardment  power  is  about  1.1  W,  assum¬ 
ing  5  jus  of  macropulse  duration  time  and  10  pps  of 
macropulse  repetition  rate.  Parameters  of  output 
beam  and  back  bombardment  are  listed  in  Table  2. 


4.  Profiles  of  back  bombarding  beam 

Fig.  6  shows  the  calculated  energy  spectra  of 
back  bombarding  beam  for  an  optimized  cavity 
(a  =  2.6)  and  a  cavity  of  smaller  a  (  =  1.0)  of  which 
Epi  =  50  MV/m  and  Ep2  =  40  MV/m.  Average 
back  bombardment  power  of  the  optimized  cavity 
is  about  60%  of  the  a  =  1.0  case.  We  can  see  peaks 
in  the  energy  spectra  at  0.2  MeV  for  the  optimized 
cavity  and  0.6  MeV  for  the  a  =  1.0  case  which 
represent  the  electrons  back  from  the  end  of  the 
first  cell.  For  larger  a  (i.e.  smaller  £pl),  the  energy  of 
the  peak  is  smaller.  This  is  a  major  occasion  of  the 
monotonic  decrease  of  the  back  bombardment 
power  as  a  function  of  a.  Fig.  7  shows  a  radial 


Fig.  7.  Calculated  radial  distribution  of  back  bombardment 
power  density. 

distribution  of  back  bombardment  power  density 
for  the  optimized  cavity.  High  power  density 
around  the  center  of  the  cathode  is  caused  by  high 
momentum  electrons  accelerated  toward  the  center 
of  the  cathode.  This  means  effective  back  bombard¬ 
ment  may  be  sharply  reduced  by  using  an  annulus¬ 
shaped  cathode  which  has  a  small  beam  dumper 
built  in  the  center. 

5.  Summary 

A  new  type  of  thermionic  RF  gun  (OCS  type) 
was  developed  by  using  field  analytical  codes.  The 
cavity  was  designed  to  satisfy  the  design  criteria 
established  for  the  gun  operating  as  an  injector  of 
the  KHI  compact  FEL  system.  The  annulus¬ 
shaped  cathode  may  sharply  reduce  the  effective 
back  bombardment. 
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Abstract 

At  the  Advanced  Photon  Source  (APS)  the  injector  linac’s  DC  thermionic  gun  is  being  supplemented  by  a  low- 
emittance  RF  thermionic  gun  that  will  support  the  SASE  FEL  project.  To  address  the  anticipated  smaller  beam  sizes,  the 
standard  Chromox  beam-profiling  screens  are  being  complemented  by  optical  transition  radiation  (OTR)  and  Ce-doped 
YAG  single-crystal  converters.  Direct  comparisons  of  the  effective  conversion  efficiency,  spatial  resolution,  and  time 
response  of  the  three  converter  screen  types  have  been  performed  using  the  DC  thermionic  gun’s  beam  accelerated  to 
400-650  MeV.  An  apparent  blurring  of  observed  beam  size  with  increasing  incident  charge  areal  density  in  the  YAG 
crystal  was  observed  for  the  first  time.  Only  the  OTR  was  prompt  enough  for  the  few-ps  domain  micropulse  bunch  length 
measurements  performed  with  a  streak  camera.  Initial  beam  images  of  the  RF-thermionic  gun  beam  have  also  been 
obtained.  ©  1999  Published  by  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  41.60.Cr;  41.85.Ew 

Keywords:  APS;  OTR;  YAG  crystal;  RF  thermionic  gun;  Beam  size;  Bunch  length 


1.  Introduction 

The  higher  brightness  beams  needed  for  a  self- 
amplified  spontaneous  emission  (SASE)  free-elec- 
tron  laser  (FEL)  injector  linac  require  enhanced 
characterization  capability  as  well  [1].  At  the  Ad¬ 
vanced  Photon  Source  (APS)  we  are  addressing  the 
issue  with  adjustments  to  the  optical  techniques 
used  for  electron  beam  characterizations  on  the 
injector  linac.  The  original  DC  thermionic  gun  is 
being  supplemented  by  a  low-emittance  RF  thermi- 


*Work  supported  by  the  U.S.  Department  of  Energy,  Office  of 
Basic  Energy  Sciences,  under  Contract  No.  W-31-109-ENG-38. 

*  Corresponding  author.  Tel:  +  1-630-252-4879;  fax:  +  1- 
630-252-4732. 


onic  gun  [2].  The  standard  Chromox  beam 
profiling  screens  are  being  complemented  by  the 
addition  of  optical  transition  radiation  (OTR)  and 
Ce-doped  YAG  single-crystal  converters  at  selected 
positions.  Both  of  these  latter  converters  show  bet¬ 
ter  spatial  resolution  and  temporal  response  than 
the  Chromox  screens.  However,  only  the  OTR 
mechanism  is  prompt  enough  to  support  streak 
camera  measurements  on  the  few-ps  micropulse 
bunch  length.  In  the  course  of  these  direct  screen 
comparisons  with  OTR  as  the  common  reference, 
we  observed  for  the  first  time  an  apparent  “blur¬ 
ring”  of  beam  image  size  in  the  YAG  converter  with 
increasing  charge  areal  density.  These  conditions 
were  achieved  with  a  30-ns-long  macropulse  in¬ 
volving  only  a  few  nC  from  the  DC  thermionic  gun 
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accelerated  to  600  MeV.  Since  we  had  an  elongated 
beam  focus  with  a  10  to  1  aspect  ratio,  the  charge 
areal  density  was  reduced  for  a  given  incident 
charge  in  these  experiments.  These  results  are  rel¬ 
evant  to  emerging  SASE  FEL  projects  where  elec¬ 
tron  beam  quality  is  critical. 

2.  Experimental  background 

The  APS  facility’s  injector  system  uses  a  250- 
MeV  S-band  electron  linac  and  an  in-line  S-band 
450-MeV  positron  linac.  The  primary  electron 
gun  is  a  conventional  DC  thermionic  gun.  For 
one  alternate  configuration,  an  RF  thermionic  gun, 
designed  to  generate  low-emittance  beams 
(<  5n  mm  mrad)  and  configured  with  an  a  magnet, 
injects  beam  just  after  the  first  linac  accelerating 
section  [3].  Then  both  in-line  linacs  can  be  phased 
to  produce  100-650-MeV  electron  beams  when  the 
positron  converter  target  is  retracted. 

The  RF  gun’s  projected,  normalized  emittance  at 
higher  peak  current  is  about  an  order  of  magnitude 
lower  than  that  expected  of  the  DC  gun,  and  corre¬ 
spondingly  smaller  beam  spot  sizes  should  result. 
The  standard  intercepting  screens  are  based  on 
Chromox  of  0.25-mm  thickness  (rotated  45°  to  the 
beam)  and  with  a  300-ms  decay  time.  Previous 
experiences  on  the  Los  Alamos  linac-driven  FEL 
with  a  low-emittance  photoelectric  injector  (PEI) 
support  the  applicability  of  optical  transition  radi¬ 
ation  (OTR)  screens  oriented  at  45°  to  the  beam 
direction  for  profiling  small  beams  [4].  In  addition, 
we  have  installed  a  Ce-doped  YAG  single  crystal  of 
0.5  mm  thickness  normal  to  the  beam  direction 
with  a  metal  mirror  at  45°  to  the  beam  just  behind 
it.  The  OTR  screen  and  the  YAG-mirror  assembly 
are  on  two  separate  actuators  on  orthogonal  faces 
of  a  beam-line  cubic-shaped  cross.  The  light  is 
transported  out  of  the  tunnel  via  two  150-mm  dia¬ 
meter  achromat  lenses  to  an  optics  table.  The  OTR 
or  YAG  light  is  viewed  by  a  charge-coupled  device 
(CCD)  camera;  a  charge-injection  device  (CID) 
camera;  a  gated,  intensified  CCD  camera;  and 
a  Hamamatsu  C5680  dual-sweep  streak  camera. 
The  most  useful  vertical  sweep  plug-in  has  been 
a  synchroscan  unit  phase-locked  to  119.0  MHz, 
the  24th  subharmonic  of  the  2856  MHz  linac 


frequency.  A  low-jitter  countdown  circuit  has  been 
built  using  Motorola  ECLIN  PS  logic  to  generate 
the  24th  subharmonic.  It  has  been  tested  with  a  0.7- 
ps  (rms)  jitter  pulse  generator,  and  the  total  jitter 
was  observed  to  be  1.1  ps.  Bandpass  filters  on  the 
output  result  in  a  clean  119.0-MHz  sine  wave  to  be 
used  with  the  synchroscan  unit  [5]. 

The  initial  tests  of  the  optical  diagnostics  have 
been  done  with  a  beam  from  the  DC  gun.  These 
were  done  mostly  in  the  500-600-MeV  region  with 
2-5  nC  in  the  macropulse  comprised  of  86  micro¬ 
pulses.  Recently,  the  RF  gun  beam  was  imaged  on 
the  upstream  beamline  locations  and  at  the  end  of 
the  linac. 


3.  Experimental  results 

We  will  report  results  on  both  transverse  and 
longitudinal  aspects  of  the  electron  beam. 

3.1.  Transverse  measurements 

In  our  preliminary  results  using  an  in-tunnel  cam¬ 
era,  we  initially  compared  the  smallest  beam  sizes  we 
could  observe  on  a  half  Chromox/half  Ti  OTR  foil 
[6].  From  these  measurements  we  deduced  the 
Chromox  limiting  resolution  of  a  «  200  pm  since 
the  OTR  screen  provided  much  better  resolution. 

In  this  paper  we  focus  our  attention  more  on  the 
comparisons  of  the  YAG-mirror  assembly  and  the 
OTR  screen.  There  have  been  previous  reports  on 
the  achievement  of  high  spatial  resolution  compar¬ 
able  to  OTR  screens,  with  about  1000  times  more 
visible  light  emitted  and  with  a  response  time  of 
80  ns  (FWHM)  [7].  Those  measurements  were 
done  with  a  PEI  beam  accelerated  to  50  MeV  using 
about  0.1  nC  of  charge  in  a  single  micropulse.  In 
our  studies  we  have  used  500-600-MeV  beams  and 
a  30-ns-long  macropulse  comprised  of  86  micro¬ 
pulses.  A  macropulse  average  current  of  8  mA 
corresponds  to  about  250  pC.  We  have  taken  data 
at  macropulse  currents  up  to  625  mA.  However,  in 
Fig.  1  we  show  an  OTR  image  at  100  mA  (~  3  nC) 
with  a  horizontal  profile  size  180  pm  (FWHM),  or 
~76pm  (er),  and  an  aspect  ratio  (H/V)  of  In 
Fig.  2  we  show  an  image  from  the  YAG  screen  with 
additional  neutral  density  filter  and  a  bandpass 
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Fig.  1.  CCD  camera  beam  image  at  600  MeV  and  100  mA  using 
the  OTR  screen.  The  observed  horizontal  profile  size  is  180  pm 
(FWHM)  with  a  spot  aspect  ratio  {H/V)  of  1/3. 


Fig.  2.  CCD  camera  beam  image  at  600  MeV  and  100  mA  using 
the  YAG :  Ce  single-crystal  converter.  The  observed  horizontal 
size  of  286  pm  (FWHM)  is  larger  than  that  of  Fig.  1.  Filters  were 
added  to  attenuate  the  signal  relative  to  the  OTR  signal. 

filter  to  compensate  for  the  YAG  brightness.  In  this 
case,  the  best  focus  we  could  obtain  horizontally 
was  45%  larger  at  286  pm  (FWHM)  and  an  aspect 
ration  {H/V)  of 

Subsequently,  we  have  done  a  more  controlled 
series  of  measurements  as  a  function  of  beam  cur¬ 
rent.  In  this  case  the  aspect  ratio  (H/V)  of  was 
used.  We  carefully  adjusted  the  camera  position  on 
a  rail  to  compensate  for  the  displacement  of  the 


MEASURED  BEAM  SIZE  VS.  BEAM  CURRENT 


Fig.  3.  Plot  of  the  observed  beam  size  versus  macropulse  aver¬ 
age  current  for  the  YAG  :  Ce  (solid  circles)  and  the  OTR  (solid 
squares)  converter  screens.  An  image  size  growth  for  the  YAG 
data  relative  to  the  OTR  data  is  seen  with  increasing  current 
beyond  60  mA. 


YAG  crystal  from  the  OTR  45°  plane  in  the  object 
distances  for  each  current.  We  also  adjusted  the 
neutral  density  filter  used  between  YAG  and  OTR 
for  the  increasing  current.  As  shown  in  Table  1  and 
Fig.  3,  the  horizontal  image  sizes  of  70-80  pm 
(FWHM),  or  30-35  pm  (cr),  were  achieved  at  30  and 


Table  1 

Comparison  of  beam  spot  sizes  using  the  YAG  and  OTR  con¬ 
verter  screens  (June  1998  data).  The  aspect  ratio  H/V  was  ~  to- 
ND  =  0.3  is  a  factor  of  2  in  attenuation 


Converter 

ND  filter 

h  (mA) 

Y-size 

(FWHM)  (pm) 

OTR 

0.0 

30 

90  +  7 

YAG 

2.0 

30 

77  +  7 

OTR 

0.5 

60 

68 

YAG 

2.5 

60 

70 

OTR 

0.8 

107 

84 

YAG 

2.8 

107 

114 

OTR 

0.8 

150 

95 

YAG 

2.8 

150 

125 

OTR 

1.0 

220 

103 

YAG 

2.8 

220 

205 
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60  mA  for  both  screens,  but  at  100  mA  and  above, 
the  observed  beam  image  sizes  increased  much  fas¬ 
ter  with  current  using  the  YAG  crystal  than  using 
the  OTR  screen.  These  data  suggest  a  saturation  or 
blooming  phenomenon  in  the  YAG  crystal  at  high¬ 
er  incident  areal  charge  densities.  The  33%  increase 
in  observed  beam  size  from  the  YAG:Ce  at  150  mA 
(or  4.7  nC)  occurred  when  a  40  x  400  jim2  spot  size 
was  seen  on  the  OTR  screen.  At  625  MeV,  the 
charge  areal  density  of  about  0.3  pC  per  pm2  ap¬ 
pears  to  be  sufficient  for  the  effect  to  be  detected, 
and  this  would  indicate  reason  for  concern  for 
0.5  nC  focused  into  a  20  x  20  pm2  spot.  In  an  initial 
beam  size  measurement  with  170  mA  from  the  RF 
gun  at  a  beam  energy  of  400  MeV  and  at  the 
140  x  140  pm2  spot  size  (as  observed  with  OTR), 
the  YAG:Ce  image  also  was  larger.  We  still  need  to 
test  this  phenomenon  further  with  lower-emittance 
beams  and  search  for  alternative  explanations. 


3.2.  Longitudinal  measurements 

The  evaluation  of  DC  gun  micropulse  bunch 
length  was  also  done  using  the  streak  camera.  Pre¬ 
vious  measurements  have  been  done  with  an  RF 
phasing  technique  [8]. 

In  Fig.  4  we  show  the  synchroscan  image  of  the 
4  micropulses  from  the  86  micropulses  in  the  mac¬ 
ropulse.  This  synchronous  sum  has  low  jitter 
(  <  1  ps),  and  by  using  the  bandpass  filter  any  chro¬ 
matic  temporal  dispersion  effects  were  also  re¬ 
duced.  The  observed  bunch  length  was  about  4.4 
(FWHM),  or  1.9  ±  0.2  ps  (<r),  in  good  agreement 
with  the  2.2  ±  0.1  ps  of  Ref.  [8].  The  streak  camera 
resolution  is  about  0.6  ps  (er).  In  Fig.  5  a  very 
graphic  example  of  the  slower  response  time  of  the 
YAG  crystal  is  shown.  The  vertical  band  of  light 
from  the  scintillator’s  decay  completely  obscures 
the  few-ps  time  domain. 

In  Fig.  6  a  dual-sweep  streak  image  is  shown  at 
a  macropulse  average  beam  current  of  625  mA.  The 
100-ms  horizontal  time  axis  displays  separately  the 
macropulses  arriving  at  30-ms  intervals.  The 
micropulse  bunch  length  of  4.9  ps  (FWHM)  at 
0.22  nC/micropulse  implies  a  peak  current  of  about 
45  A. 


Fig.  4.  Synchroscan  streak  camera  image  of  the  linac  micro¬ 
pulses  using  the  OTR  mechanism.  The  RF  phase  delay  is  such 
that  some  micropulses  are  seen  on  the  up  sweep  and  some  on  the 
down  sweep  of  the  119.0  MHz  sinusoidal  deflection.  The  ob¬ 
served  bunch  length  is  about  4.4  ps  (FWHM)  including  the 
about  1.6  ps  (FHWM)  limiting  resolution  contribution. 


Fig.  5.  Synchroscan  streak  camera  image  of  the  linac  micropulse 
using  the  YAG  single  crystal.  All  micropulse  bunch  length  detail 
is  obscured  by  the  80-ns  response  time  of  the  crystal.  This  results 
in  the  vertical  band  filling  the  fast  time  axis  that  only  spans 
120  ps. 


3.3.  RF  gun  accelerated  beam 

In  August  1998,  initial  images  were  obtained  of 
the  RF  gun  beam  at  50, 150,  and  400-MeV  stations. 
Preliminary  measurements  using  the  streak 
cameral  for  the  beam  at  400  MeV  indicated 
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Fig.  6.  Dual-sweep  synchroscan  images  of  the  linac  pulse.  The 
horizontal  axis  is  100  ms  and  shows  the  30-ns  separation  of  the 
macropulses.  The  micropulse  average  bunch  length  is  4.9  ps 
(FWHM). 

a  bunch  length  of  the  un-optimized  beam  of  8-10  ps 
(FWHM). 


4.  Summary 

In  summary,  optical  techniques  have  been  de¬ 
veloped  for  electron  beam  measurements  within  the 
APS  SASE  project.  The  OTR  and  Ce-doped  YAG 
crystals  provide  a  trade  on  conversion  efficiency, 


response  time,  and  spatial  resolution  that  cover  the 
near-term  needs  of  the  project.  The  techniques  have 
been  validated  in  the  DC  thermionic  gun  beam, 
and  initial  measurements  on  the  RF  thermionic 
gun  beam  have  been  performed. 
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Abstract 

The  gun  test  facility  (GTF)  at  SSRL  was  started  in  1996  to  develop  an  appropriate  injector  for  the  proposed  linac 
coherent  light  source  (LCLS)  at  SLAC.  The  LCLS  design  requires  the  injector  to  produce  a  beam  with  at  least  1  nC  of 
charge  in  a  10  ps  or  shorter  pulse  with  no  greater  than  \n  mm  mrad  normalized  rms  emittance.  The  photoinjector  at  the 
GTF  is  1.6  cell  S-band  symmetrized  gun  and  emittance  compensation  solenoid.  Emittance  measurements,  reported  here, 
were  made  as  function  of  laser  pulse  width  using  Gaussian  longitudinal  pulses.  The  lowest  achieved  emittance  to  date 
with  1  nC  of  charge  is  5.6tc  mm  mrad  and  was  obtained  with  a  pulse  width  of  5  ps  (FWHM)  and  is  in  agreement  with 
simulation.  There  are  indications  that  the  accelerator  settings  for  these  results  may  not  have  been  optimal.  Simulations 
also  indicate  that  a  normalized  emittance  meeting  the  LCLS  requirement  can  be  obtained  using  appropriately  shaped 
transverse  and  temporal  laser/electron  beam  pulses.  Work  has  begun  on  producing  temporal  flat  top  laser  pulses  which 
combined  with  transverse  clipping  of  the  laser  is  expected  to  lower  the  emittance  to  approximately  Iti  mm  mrad  for  1  nC 
with  optimal  accelerator  settings.  ©  1999  Published  by  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  GTF;  Photocathode;  RF  gun;  LCLS 


1.  Introduction  and  motivation 

The  proposed  linac  coherent  light  source  (LCLS) 
at  the  Stanford  Linear  Accelerator  Center  (SLAC) 
is  a  single-pass,  self-amplified  spontaneous  emis¬ 
sion,  free-electron  laser  (FEL)  utilizing  the  last  third 
of  the  3  km  SLAC  linac  [1]  and  operating  at 
a  wavelength  of  1.5  A.  A  critical  component  of  the 
LCLS  is  a  high  brightness  electron  source.  The 
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source  must  be  able  to  produce  a  1  nC  beam  with 
<  Itc  mm  mrad  normalized  rms  transverse  emit¬ 
tance  and  10  ps  pulse  length  so  that  the  FEL  can 
saturate  in  a  100  m  long  wiggler  (assuming  the 
pulse  is  compressed  to  70  fs  rms  and  the  emittance 
grows  in  the  linac  and  bunch  compressors  to 
1.5  7i  mm  mrad  at  the  wiggler  entrance). 

The  gun  test  facility  (GTF)  was  constructed  to 
develop  an  appropriate  injector  for  the  LCLS  and 
is  located  in  the  Stanford  Synchrotron  Radiation 
Lab  (SSRL)  injector  vault.  The  GTF  consists  of 
a  photo-cathode  drive  laser,  RF  power  stations,  3  m 
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SLAC  linac  section,  RF  gun  and  emittance  com¬ 
pensating  solenoid  as  well  as  electron  beam  diag¬ 
nostics  to  characterize  the  beam  [2].  The  first 
gun  being  characterized  at  the  GTF  is  the  result 
of  a  collaboration  between  Brookhaven  National 
Laboratory  (BNL),  SLAC  and  the  University 
of  California  at  Los  Angeles.  The  prototype  1.6 
cell  gun  and  emittance  compensation  solenoid  was 
characterized  at  BNL  [3].  Emittance  measure¬ 
ments  reported  here  are  made  as  a  function  of 
laser  pulse  length.  The  GTF  expects  to  produce 
lower  emittance  beams  by  controlling  the  laser 
(and  thus  the  electron  beam)  pulse  length  and 
shape. 


2.  Drive  laser 

The  photocathode  drive  laser  is  a  chirped-pulse 
amplification  based  Ndiglass  system.  The  oscillator 
is  a  passively  mode-locked  diode  pumped  glass 
laser  capable  of  generating  <  200  fs  transform  lim¬ 
ited  pulses  [4].  The  repetition  rate  of  the  oscillator 
is  set  by  the  cavity  length  and  is  roughly  119  MHz, 
the  24th  subharmonic  of  the  accelerating  RF. 
Low-timing  jitter  (  <  3  ps  rms)  has  been  achieved 
by  using  a  slow  photo-diode  (  <  150  MHz)  to 
sample  the  pulse  train  from  the  laser  oscillator  and 
frequency  multiplying  the  signal  in  a  phase-locked 
multiplier  to  generate  the  2856  MHz  master  RF. 


The  pulse  train  from  the  oscillator  is  chirped  to 
~  300  ps/nm  in  a  grating  pair  expander,  and  then 
a  single  pulse  is  selected  out  at  1.25  or  2.5  Hz  for 
amplification  in  a  Nd :  glass  regenerative  amplifier. 
The  ~  2  mJ,  1054  nm  pulse  is  then  compressed  to 
as  short  as  1.1  ps  (FWHM)  using  a  grating  pair 
with  the  opposite  chirp  of  the  expander.  The  pulse 
is  frequency  doubled  and  quadrupled  in  a  10  mm 
KD*P  and  5  mm  BBO  crystals,  respectively,  to 
generate  200-300  pJ  of  263  nm  light.  The  data  re¬ 
ported  here  was  obtained  with  variable  Gaussian 
temporal  pulse  widths  by  adjusting  the  chirp  in  the 
optical  compressor.  Pulses  as  short  as  4.6  ps 
(FWHM)  in  the  UV  have  been  measured  using 
a  sub-picosecond  resolution  streak  camera  [5]  and 
include  -1  ps  spatial  chirp  across  the  beam. 
Fig.  1  shows  a  typical  measurement  of  the  3  UV 
pulse  widths  used  in  the  experiments.  The  UV  pulse 
is  typically  imaged  onto  the  cathode  at  near-nor¬ 
mal  incidence  using  an  8  m  1:1  telescope.  Grazing 
incidence  is  also  possible  and  was  used  for  the 
cleaning  of  the  cathode.  Transverse  shaping  can  be 
accomplished  by  imaging  an  aperture,  after  the 
quadrupling  crystal,  onto  the  cathode. 


3.  Timing  jitter  measurements 

Typical  measurements  of  the  timing  jitter  at  the 
GTF  were  conducted  using  a  double-balanced 


Fig.  1.  Streak  camera  output  of  three  different  UV  pulses  with  Gaussian  fits.  The  different  pulses  lengths  are  obtained  by  varying  the 
chirp  in  the  compression  stage. 
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mixer  as  a  phase  bridge  to  measure  shot  to  shot 
variations  in  the  phase  of  different  RF  signals  rela¬ 
tive  to  the  2856  MHz  master  clock  derived  from  the 
laser.  It  was  found  that  the  total  jitter  between  the 
RF  gun  and  this  master  clock  was  about  0.5  ps  rms 
over  a  few  minutes  with  negligible  contributions 
from  the  klystron  and  its  drive.  It  is  believed  that 
this  jitter  comes  from  a  shot  to  shot  change  in  the 
difference  between  the  drive  frequency  and  the  gun 
resonance  and  could  be  produced  from  either 
~  100  Hz  noise  in  the  laser  oscillator  or  ~  0.1°C 
change  in  the  gun  temperature. 

The  jitter  between  the  2856  MHz  master  clock 
and  the  1 19  MHz  from  the  laser  was  measured  with 
a  fast  sampling  scope  and  found  to  be  stable  to  <  2 
ps  rms  where  the  upper  limit  is  set  by  the  trigger 
jitter  of  the  scope.  The  amplified  laser  pulse  was 
found  to  be  stable  to  <  2  ps  rms  by  phase  compar¬ 
ing  the  bandpass  filtered  output  of  a  photodiode  to 
the  119  MHz  again  using  a  double-balanced  mixer. 
While  no  direct  measurement  of  the  jitter  in  arrival 
time  of  the  laser  at  the  cathode  have  been  made,  we 
can  estimate  the  jitter  to  be  <3  ps  rms  (assuming 
the  above  measurements  are  uncorrelated).  How¬ 
ever,  the  long-term  drift  between  the  laser  and  the 
gun  can  be  on  the  order  of  tens  of  ps  in  the  course  of 
a  day.  In  principle,  this  could  be  eliminated  with 
a  slow  feedback  system  on  the  laser  cavity  length, 
the  gun  temperature,  or  on  the  laser  injection 
phase. 

4.  Electron  beam  measurements 

Because  of  the  low  quantum  efficiency 
(~  5x10" 6  electron/photon)  and  large  scale 
(  ~  100%)  non-uniformity  of  our  copper  cathode, 
we  elected  to  clean  the  cathode  in  situ.  A  relatively 
high  intensity  (~2x  109 W/cm2)  laser  pulse  was 
incident  on  the  cathode  in  the  presence  of  ~  100 
MV/m  electric  field  after  attempts  to  clean  the 
cathode  without  the  presence  RF  power  failed. 
During  the  cleaning  process  ~  1  pC  of  charge  is 
extracted  from  the  cathode  in  ~  50  ns  depleting  the 
stored  energy  in  the  gun.  The  enhanced  emission 
during  this  process  appears  to  be  the  same  as  pre¬ 
viously  reported  [6]  and  was  achieved  by  focusing 
the  laser  onto  the  cathode  at  grazing  incidence  to 


roughly  lxl/3  mm2.  The  cathode  was  “cleaned” 
by  continuously  scanning  the  laser  across  an  area 
of  roughly  5x3  mm2  along  the  short  axis  of  the 
laser  at  a  rate  of  22  shots/mm  while  maintaining  the 
enhanced  emission  throughout  each  pass  and  with 
an  overlap  of  i  mm  between  passes.  The  cleaning 
resulted  in  a  larger  quantum  efficiency  (typically 
2-3x10" 5  at  our  normal  operating  conditions) 
and  a  more  uniform  cathode  (large  scale).  However, 
the  dark  current  (field  emission)  from  the  cathode 
also  increased  by  roughly  an  order  of  magnitude. 
The  cleaning  process  has  qualitatively  been  seen  as 
a  micro-roughening  of  the  cathode  surface  and  may 
explain  the  increase  in  dark  current  by  creating 
areas  of  increased  localized  field.  It  is  believed  that 
the  increase  in  the  quantum  efficiency  may  be  from 
removal  of  copper  oxide  from  the  cathode  surface 
in  addition  to  the  localized  field  enhancement. 

The  electron  yield/photon  was  measured  as 
a  function  of  the  laser  phase  (Schottky  scan)  on 
a  Faraday  cup  just  after  the  emittance  compensa¬ 
tion  solenoid.  Assuming  a  100%  collection  efficien¬ 
cy  this  is  equivalent  to  the  quantum  efficiency. 
A  typical  scan  is  shown  in  Fig.  2.  The  data  was 
obtained  at  a  single  solenoid  setting  for  phases 
below  100°,  but  due  to  a  significantly  decreased 
energy  and  increased  energy  spread,  the  solenoid 
had  to  be  varied  for  phases  above  100°  to  optimize 
charge  collection  on  the  Faraday  cup.  The  scan  is 
used  to  determine  the  operating  phase  by  observing 
where  emission  first  takes  place.  Due  to  the  finite 
duration  of  the  laser  pulse,  the  error  in  determining 
this  phase  is  on  the  order  of  the  pulse  duration.  For 
the  emittance  scans,  the  zero  phase  was  taken  to  be 
a  few  degrees  into  emission.  The  Schottky  scan  can 
also  be  used  in  determining  the  thermal  emittance 
of  the  electron  beam.  Following  the  formalization 
given  in  Ref.  [7]  we  can  estimate  the  thermal  emit¬ 
tance  to  be  ~  0.2  n  mm  mrad  (from  the  data  pre¬ 
sented  in  Fig.  2  and  assuming  a  1  mm  radius  spot  at 
the  cathode).  Because  of  uncertainties  in  the  charge 
collection,  only  data  taken  at  the  constant  solenoid 
fields  are  used  in  the  calculation. 

The  horizontal  emittance  of  the  electron  beam 
was  measured  using  the  standard  quadrupole  scan 
technique.  While  measurements  were  made  at  peak 
currents  of  up  to  200  A  at  an  energy  of  35  MeV, 
simulations  using  the  envelope  equation  with  space 
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Fig.  2.  A  typical  Schottky  scan  from  which  the  laser 
phase  relative  to  the  gun  and  the  thermal  emittance  can  be 
estimated.  The  quantum  efficiency  is  determined  from  the  charge 
measured  on  the  Faraday  cup  (with  the  average  dark-current 
background  subtracted)  and  is  normalized  to  the  number  of 
laser  photons. 


Fig.  3.  Emittance  as  a  function  of  solenoid  field  with  1  nC  of 
charge  for  two  different  laser  pulse  lengths.  The  laser  phase  is 
referenced  to  the  zero-crossing  in  the  cathode-cell  of  the  gun, 
and  the  linac  phase  is  referenced  to  the  crest  in  the  linac.  The  gun 
field  is  the  maximum  on  axis  accelerating  field. 


charge  [8]  have  indicated  no  appreciable  increase 
in  the  calculated  emittance.  The  screen  material 
used  was  SLAC  chromate  [9],  The  image  was 
acquired  with  an  8-bit  CCD  Pulnix  camera  and 
DataTranslation  frame  grabber  both  synchronized 
to  the  electron  beam.  The  beam  was  focused  to  the 
smallest  possible  spot  and  an  image  was  acquired. 
The  image  was  examined  for  saturation  of  the  cam¬ 
era  which  was  controlled  by  using  a  set  of  crossed 
polarizers  between  the  lens  and  the  camera.  This 
allowed  intensity  control  without  changing  the 
depth  of  field  of  the  system.  The  lens  used  was 
a  microscope  objective  with  an  adjustable  zoom. 
A  set  of  127  pm  diameter  wires  on  the  screen  were 
used  for  calibration  purposes.  The  lens  was  set  to 
give  a  calibration  of  8  pm  per  pixel  to  allow  a  com¬ 
promise  between  capturing  the  full  variation  of  the 
beam  size  and  maximizing  the  resolution  of 
smallest  spot  size.  Once  it  was  determined  that  the 
scan  would  be  free  of  saturation,  the  quadrupole 
was  standardized.  Five  images  of  the  beam  and 
a  background  shot  (taken  with  the  RF  on,  but  the 
laser  off)  were  taken  at  each  quadrupole  setting. 
The  following  signals  were  logged  for  each  shot:  the 
field  probe  in  the  full  cell  of  the  gun,  a  Joule  meter 
sampling  the  laser  energy  incident  on  the  cathode, 
the  phases  of  the  laser  and  the  linac,  a  toroid 


upstream  of  the  screen,  and  the  image  of  the  elec¬ 
tron  beam.  Quad  scans  were  performed  at  various 
solenoid  settings  to  try  to  find  the  magnetic  field 
which  produced  the  best  emittance  compensation 
[10]  for  a  given  set  of  running  conditions.  The 
background  subtracted  images  of  the  beam  were 
analyzed  off  line  and  the  rms  widths  of  the  beam 
profiles  were  found  using  the  peak  in  the  distribu¬ 
tion  as  the  center. 

Emittance  measurements  were  made  with  1  nC  of 
charge  using  a  transverse  Gaussian  pulse  with  sig¬ 
mas  of  1.3  and  0.8  mm  for  x  and  y,  respectively,  at 
a  laser  phase  of  50°  and  at  35  MeV.  Lengthening 
the  laser  pulse  from  5  (FWHM)  to  9  ps  (FWHM) 
reduced  the  emittance  from  8.3  +  0.7n  mm  mrad  at 
a  solenoid  field  of  2.2  kG  to  6.4  +  O.ln  mm  mrad  at 
a  solenoid  field  of  2.0  kG,  respectively,  as  shown  in 
Fig.  3.  This  is  believed  to  be  due  to  the  reduction  of 
space-charge  forces  by  lengthening  the  electron 
bunch.  Measurements  were  also  made  with  a  laser 
pulse  length  of  11  ps  (FWHM)  using  a  transverse 
Gaussian  pulse  with  sigmas  of  1.3  and  0.8  mm  for 
x  and  y,  respectively,  at  a  laser  phase  of  50°  and  at 
35  MeV  which  produced  6.6  ±  0.2ti  mm  mrad  at 
a  solenoid  field  of  2.0  kG.  However,  only  0.7  nC  of 
charge  was  available,  so  this  data  was  not  included 
in  Fig.  3.  Conversely,  for  a  lower  charge  of  0.4  nC 


D.A,  Reis  et  al  /  Nuclear  Instruments  and  Methods  in  Physics  Research  A  429  (1999)  341-346 


345 


with  a  transversely  clipped  beam  (1  sigma)  the  5  ps 
laser  pulse  produced  an  emittance  of  6.3  +  OAn 
mm  mrad  at  a  solenoid  field  of  2.0  kG  while  the  9  ps 
bunch  produced  8.6  +  0.47i  mm  mrad  at  a  solenoid 
field  of  1.9  kG  both  at  35MeV.  These  measure¬ 
ments  were  only  performed  once  and  will  be  repeat¬ 
ed  during  the  next  experimental  run.  However, 
individual  quad  scans  which  were  repeated  were 
consistent  within  the  uncertainty  of  the  measure¬ 
ment  process. 

The  operating  parameters  for  the  data  reported 
here  were  not  optimum  from  theoretical  consider¬ 
ations  but  were  considered  necessary  from  an  op¬ 
erational  point  of  view.  Optimal  emittance 
compensation  is  anticipated  for  fields  around  140 
MV/m  [11].  However,  the  field  in  the  gun  was 
limited  to  110  MV/m  to  avoid  occasional  arcs 
which  tripped  off  the  RF  system.  The  laser  phase 
which  produces  the  maximum  charge  emitted  from 
the  gun  (see  Fig.  2)  is  not  at  the  same  phase  which 
produces  a  bunch  with  the  maximum  energy  (for 
fixed  field  level  in  the  gun  and  laser  power  on  the 
cathode).  Since  we  were  interested  in  producing 
a  high  charge,  in  most  cases  the  laser  phase  was 
chosen  closer  to  the  peak  in  the  Schottky  scan  than 
is  ideal.  Future  measurements  of  the  effect  of  laser 
phase  on  emittance  are  planned.  PARMELA  [12] 
simulations  indicate  that,  for  the  present  distance 
between  the  gun  and  linac,  more  efficient  emittance 
compensation  is  achieved  for  a  lower  linac  gradient 
yielding  a  final  beam  energy  of  26MeV.  This  is 
believed  to  be  due  to  better  matching  of  the  RF 
focusing  in  the  linac  at  the  lower  gradient.  In  fact, 
the  lowest  emittance  measured  for  1  nC  of  charge 
was  5.6  +  0.2  n  mm  mrad  at  26MeV  at  a  laser 
phase  at  60°  and  solenoid  field  of  2.0  kG.  However, 
it  was  found  that  for  a  higher  gradient,  the  energy 
spread  of  the  electron  beam  was  smaller,  which 
made  the  determination  of  the  phase  of  the  bunch 
with  respect  to  the  RF  in  the  linac  more  precise  and 
enabled  greater  consistency  in  tuning  the  beam. 
Therefore,  the  energy  of  the  beam  was  chosen  to  be 
35  MeV  for  most  of  the  measurements  despite 
the  expected  lower  emittance  at  reduced  linac 
gradients. 

According  to  PARMELA  simulations,  altering 
the  temporal  laser  profile  from  a  Gaussian  pulse 
shape  to  a  flat-top-pulse  shape  will  reduce  the  emit¬ 


tance  to  the  level  required  by  the  LCLS  [11].  Work 
is  currently  underway  to  produce  temporal  flat-top 
laser  pulses  by  use  of  a  Michelson  interferometer- 
based  pulsed  stacker  (similar  in  design  to  Ref.  [13]) 
or  by  the  use  of  a  mask  in  the  Fourier  plane  of  the 
optical  compressor. 
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Abstract 

A  beam  with  greatly  reduced  emittance  is  required  for  further  improvements  of  FELs,  in  particular,  for  FELs  of  shorter 
wavelengths,  and  of  narrower  bandwidths.  From  this  viewpoint,  the  BNL/SLAC/UCLA  1.6-cell  S-band  photocathode 
RF  gun  performance  characteristics  were  calculated,  first  in  order  to  evaluate  what  may  contribute  to  the  emittance 
growths  in  photocathode  RF  guns.  We  developed  an  RF  gun  to  produce  an  electron  beam  with  an  extremely  low 
emittance,  by  using  a  2-D  simulation  code.  It  is  found  that,  by  optimizing  the  laser  injection  phase,  the  drive  laser  spot 
radius  and  the  cavity  shape  around  the  laser  spot,  the  beam  emittance  by  the  1.6-cell  RF  gun  can  be  greatly  reduced  to  2.1 
Timm  mrad,  from  the  previous  4.4  Timm  mrad  of  the  original  shape.  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 


1.  Introduction 

The  objectives  of  this  study  are,  first,  to  evaluate 
the  contributions  to  the  beam  emittance  in  a  pres¬ 
ent  RF  gun,  and,  then,  with  their  improvements,  to 
design  the  optimal  gun  configuration  and  opera¬ 
tion  scheme  to  produce  an  extremely  low  emittance 
beam. 

As  the  prototype  (original)  RF  gun,  the  BNL/ 
SLAC/UCLA  1.6-cell  photocathode  RF  gun  [1-3] 
was  calculated,  which  has  shown  experimentally 
a  good  beam  performance  of  1  nC,  47imm  mrad 
[3].  The  interest  of  this  study  is  to  clarify  quantitat¬ 
ively  what  factors  may  result  in  emittance  growths 
in  the  gun,  and  how  much  the  emittance  can  be 
reduced  with  the  original  cavity  configuration  as 
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well.  The  relationship  between  the  laser  injection 
phase  and  the  emittance,  the  space  charge  effects, 
and  the  effects  of  the  initial  thermal  emittance  at  the 
cathode  were  investigated.  In  addition  to  achieving 
a  much  lower  beam  emittance,  design  refinements 
of  the  laser  spot  size,  and  the  cavity  shape  around 
the  laser  spot  were  carried  out. 


2.  Modeling  of  the  RF  gun 

A  set  of  2-D  codes  [4-6],  which  we  have  de¬ 
veloped,  was  used  to  model  the  RF  gun.  Relativistic 
electron  motions  are  calculated  in  the  time-domain, 
taking  into  account  space  charge  effects  by  solving 
Maxwell’s  equations  self-consistently.  Also,  cavity 
fields  are  calculated,  and  taken  into  account  in  the 
trajectory  calculations. 

Fig.  1  shows  the  upper-half  of  the  configuration 
of  the  prototype  1.6-cell  RF  gun  with  a  calculated 
eigenmode  pattern.  The  RF  frequency  is  2856 


0168-9002/99/$ -see  front  matter  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 
PII:  S01  68-9002(99)00085-6 


VII.  ACCELERATORS 


348 


K.  Masuda  et  al.  /  Nuclear  Instruments  and  Methods  in  Physics  Research  A  429  (1999)  347-351 


MHz,  and  the  maximum  electric  field  on  the  axis  is 
taken  to  be  124  MV/m  as  a  reference.  A  typical 
simulation  result  is  presented  in  Fig.  2  showing 
snapshots  of  electron  trajectories  (upper)  and  their 
corresponding  energies  (lower).  Electrons  are  pro¬ 
duced  at  z  =  0  by  the  drive  laser  incident  onto  the 
copper  cavity  wall.  The  incident  electron  beam 
parameters  are  chosen  as;  1  nC  charge,  longitudi¬ 
nally  Gaussian  (21  ps  FWHM)  pulse  shape  within 
15  ps  pulse  length  with  a  ramp  edge,  and  radially 
flat  top  within  1  mm  radius  with  a  ramp  edge.  In 
the  simulations,  50  particles  are  injected  at  each 
time  step  (d t  =  0.24  ps).  The  injection  phase  0  of 
the  drive  laser  was  varied  from  0°  to  55°  with 
respect  to  the  incidence  of  the  15  ps  laser  pulse. 


<fi  >  10°  was  calculated  to  be  4.3  <  £n>rms  < 
4.4  Timm  mrad,  which  is  found  to  agree  well 
with  the  experimentally  measured  value  of 
4.74  +  0.24  7imm  mrad  [3]. 

As  is  shown  in  Fig.  3,  it  is  found  that  the  emittan- 
ces  tend  to  take  minima  for  </>  =  0.  Furthermore, 
the  emittance  growth  from  z  =  1  to  50  cm  tends  to 
increase  as  cj)  increases.  The  sliced  normalized  rms 
emittance  £n>rms  is  found  to  be  decreasing  as  </>  in¬ 
creases  (£„,rms  =  1.7, 1.0,  and  0.8  Timm  mrad  for 
(/)  =  5°,  25°,  and  45°  at  z  =  50  cm).  It  is  defined  by 
the  normalized  rms  emittance  of  the  particles  injec¬ 
ted  at  each  time  step,  and  is  mainly  varied  by 
nonlinearity  of  the  radial  cavity  fields.  This  is  main¬ 
ly  due  to  increased  bunch  length  (see  Fig.  4),  which 


Fig.  2.  Simulation  results,  showing  snapshots  of  electron 
bunches,  and  corresponding  kinetic  energies. 


Fig.  4.  Bunch  lengths  as  functions  of  laser  injection  phase. 
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eventually  increases  the  RF  contribution  to  the 
emittance  growth  [3,7]  (see  Fig.  5)  as  </>  increases. 
On  the  other  hand,  for  the  en?rms  at  z  =  1  cm  for 
(j)  >  15,  it  is  found  to  decrease  as  4>  increases.  This  is 
due  to  decreased  transverse  space  charge  effects, 
leading  to  a  small  beam  radius  R.  As  is  shown  in 
Fig.  6,  the  RF  contribution  is  found  to  scale  as 

^n,rms  R  • 

To  evaluate  and  compare  the  space  charge  effects 
on  the  emittance  growth,  beams  with  1,  0.1,  and 
0.01  nC  were  chosen  for  </>  =  15°.  In  Fig.  7,  it  is 
clearly  seen  that  the  contribution  due  to  the  space 
charge  is  significant.  The  an  rms  at  z  =  50  cm  for 
0.01  nC,  i.e.,  in  the  case  of  non-space  charge  effects 
only,  was  calculated  to  be  0.43  Timm  mrad,  which 
may  be  regarded  as  the  theoretically  achievable 
minimal  emittance  with  the  pulse  length  of  15  ps. 


sliced  bunches 

1  I  V 


Fig.  5.  Schematics  of  the  RF  contribution  to  the  emittance. 
Each  sliced  bunch  has  a  low  sliced  emittance  with  r'/r  «  con¬ 
stant.  However,  since  the  sliced  bunches  have  different  r'/r  with 
respect  to  their  incident  phases  due  to  time-varying  RF  fields, 
the  total  emittance  is  found  comparatively  high. 


Fig.  6.  Schematics  of  relation  between  beam  radius  and  the  RF 
contribution.  Even  with  the  same  sliced  emittances,  the  total 
emittance  becomes  higher  for  a  larger  beam  radius,  due  to  the 
RF  contribution  to  the  total  emittance. 


Also,  the  longitudinal  space  charge  forces  are  found 
to  result  in  bunch  lengthening  as  shown  in  Fig.  4, 
which  consequently  increases  the  RF  contribution 
to  the  emittance  growth  as  well. 

Also,  the  contribution  to  the  emittance  due  to  the 
initial  thermal  emittance  was  evaluated,  by  com¬ 
paring  the  emittances  with  or  without  an  initial 
thermal  emittance  of  e0,n,rms  =  0.4  rcmm  mrad.  As 
presented  in  Table  1,  for  the  0.01  nC  beam,  the 
contribution  is  found  to  be  Aanffms  =  0.13  Timm 
mrad,  which  is  much  smaller  than  the  thermal 
emittance  of  s0,n,rms  =  0-4  ranm  mrad.  In  addition, 
for  the  1  nC  beam,  the  contribution  is  found  to  be 
much  smaller,  Aenfrms  =  0.01 7rmm  mrad.  This  indi¬ 
cates  that  the  thermal  emittance  contribution  is 
much  smaller  than  other  contributions  due  to  RF, 
and  space  charge  forces.  Especially,  for  the  1  nC 
beam,  the  thermal  emittance  contribution  is  found 
to  be  negligible,  A£n,rms/en>rms  =  0.003. 


Fig.  7.  Emittance  evolutions  of  1,  0.1,  and  0.01  nC  bunches 
along  the  axis. 


Table  1 

Thermal  emittance  contribution  to  the  total  emittance,  for  beam 
charges  of  0.01  and  1  nC 


Charge 

£n.rms[ttmm  mrad] 

Ae„,rms 

(nC) 

(Timm  mrad) 

^O.n.rms  0 

eo.n.rms  =  0.4 

0.01 

0.61 

0.48 

0.13 

1 

4.37 

4.38 

0.01 
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4.  Design  refinements 

From  the  above  discussions  (1)  a  short  bunch 
length,  and  (2)  a  small  beam  radius  are  found  essen¬ 
tial,  in  order  to  reduce  the  RF  contribution  to  make 
a  low  emittance  beam  of  1  nC.  The  former  can  be 
achieved  by  optimizing  the  laser  injection  phase 
0  as  is  shown  in  Fig.  3,  and/or  by  use  of  a  shorter 
pulse  laser  with  higher  laser  power.  As  for  the  latter 
to  achieve  a  smaller  beam  radius,  and  a  consequent 
improved  emittance,  the  incident  beam  radius  R0 
(laser  spot  radius),  and  the  cavity  shape  were  opti¬ 
mized  in  this  study  with  the  following  results. 

Fig.  8  shows  £n>rms  as  a  function  of  R0,  for  (j>  =  5°. 
The  £n>rms  is  found  to  take  the  minimum  of  3.2  7imm 
mrad  for  R0  =  2.2  mm.  For  R0  <  2.2  mm,  due  to 
transverse  space  charge  forces,  the  beam  radius 
tends  to  become  rather  large  in  the  gun  cavity, 
which  consequently  causes  a  higher  emittance  at 
the  gun  exit. 

To  compensate  the  transverse  space  charge  for¬ 
ces,  and,  as  a  consequence,  to  produce  a  smaller 
beam  radius,  the  cavity  shape  around  the  cathode 
plane  had  to  be  improved.  Repeated  trial-and-error 
design  refinements  eventually  resulted  in  the  cavity 
shape  shown  in  Fig.  9.  The  cavity  wall  around  the 
laser  spot  is  set  a  =  15°  off  the  laser  spot  plane  to 
produce  transverse  focusing  fields.  With  a  larger 
a  >  15°,  the  electron  beam  was  found  to  be  too 
focused,  which  eventually  result  in  a  rather  large 
beam  radius  due  to  increased  space  charge  forces, 


and  the  consequent  higher  emittance  at  the  gun 
exit. 

With  this  refined  cavity  shape,  for  <j>  =  5°,  the 
£n,rms  was  calculated  as  a  function  of  R0  as  is  shown 
in  Fig.  10,  where  the  circle  corresponds  to  the  cavity 
shape  and  the  laser  spot  size  of  Fig.  9.  This  design 
refinement  is  found  efficient  in  offsetting  the  trans¬ 
verse  space  charge  forces,  even  for  small  R0.  As 
a  consequence,  with  the  original  R0  of  1  mm,  the 
£n,rmS  is  found  to  be  greatly  reduced  to  2.1  Timm 
mrad,  compared  with  4.1  mm  mrad  with  the  orig¬ 
inal  cavity  shape  for  </>  =  5°. 


Fig.  9.  Design  refinements  of  the  cavity  shape  around  the  laser 
spot,  to  compensate  the  transverse  space  charge  forces. 


Fig.  10.  Emittance  as  a  function  of  laser  spot  radius,  with  the 
refined  cavity  shape  shown  in  Fig.  9.  The  circle  corresponds  to 
the  laser  spot  radius  shown  in  Fig.  9. 
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5.  Conclusions 

In  case  of  a  1  nC  electron  beam,  it  has  been  found 
that  the  contribution  to  the  beam  emittance  due  to 
space  charge  effects  is  dominant  through  the  inter¬ 
action  with  RF  fields,  compared  with  initial  ther¬ 
mal  emittance  at  the  cathode.  For  reduction  of 
emittance,  it  has  been  found  essential  to  achieve 
electron  beams  with  short  bunch  lengths,  and  small 
beam  radii  in  order  to  reduce  the  RF  contribution, 
i.e.,  unfavorable  interaction  with  time-varying  RF 
fields,  which  tends  to  enhance  beam  emittance. 
Through  numerical  evaluations,  it  is  found  that  the 
bunch  length  can  be  reduced  by  adjusting  the  laser 
injection  phase,  while  the  beam  radius  can  be  re¬ 
duced  by  refining  the  cavity  shape  around  the  laser 
spot.  With  these  improvements  adopted,  the  beam 
emittance  consequently  has  been  found  to  be  re¬ 
duced  down  to  2.1  Timm  mrad,  from  the  original 
4.4  Timm  mrad. 
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Abstract 

A  high  average  current  CW  RF  electron  accelerator  has  been  developed  for  the  free  electron  laser  programs  at  KAERI. 
The  accelerator  is  composed  of  a  300-keV  electron  gun,  one  RF  bunching  cavity,  and  two  RF  acceleration  cavities.  The 
kinetic  energy  of  the  electron  beam  is  1.5  MeV  nominally  and  2  MeV  at  maximum.  The  duration  of  a  pulse  is  350  ps  and 
its  repetition  rate  is  variable  from  a  single  pulse  to  22.5  MHz.  The  peak  current  is  6  A,  and  the  average  current,  at  the 
maximum  repetition  rate,  is  45  mA.  The  resonant  frequency  of  the  RF  cavities  is  180  MHz.  The  energy  gain  of  an  RF 
acceleration  cavity  is  0.6  MeV  nominally  and  0.85  MeV  at  maximum.  The  total  RF  power  supplied  into  the  RF  cavities  is 
262  kW.  A  millimeter-wave  FEL  driven  by  the  2-MeV  accelerator  is  under  design.  The  2-MeV  accelerator  will  be  used  as 
an  injector  of  a  high-average-power  infrared  FEL.  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  41.60.Cr;  41.75.Ht 

Keywords:  Free  electron  laser;  Electron  accelerator;  Electron  gun;  RF  cavity 


1.  Introduction 

In  order  to  drive  a  high  average  power  free- 
electron  laser  (FEL),  a  high  average  current  elec¬ 
tron  accelerator  is  indispensable.  A  recirculating 
radio  frequency  (RF)  accelerator  with  energy  recov¬ 
ery  seems  to  be  the  best  choice  for  this  purpose 
[1-3].  With  the  energy  recovery  method,  the  energy 
of  the  “used”  electron  beam  is  converted  into  RF 
power,  and  the  energy  of  the  “dumped”  electron 
beam  is  lower  than  that  of  the  “injected”  electron 


*  Corresponding  author.  Tel.:  +  82-42-868-8378;  fax:  +  82- 
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beam.  Thus  the  RF  power  consumption  and  the 
radiation  hazard  are  reduced  dramatically.  With 
the  multiple-turn  recirculation  concept,  the  system 
dimension,  the  power  consumption,  and  thus  the 
system  cost  are  also  reduced  very  much. 

One  of  the  critical  issues,  in  the  development  of 
the  recirculating  accelerator  with  energy  recovery, 
is  the  generation  of  high-average-current  electron 
beam  with  proper  energy  for  injection  and  with 
beam  quality  good  enough  for  recirculation  and 
energy  recovery.  The  choice  of  accelerator  struc¬ 
ture,  especially  the  type  and  the  frequency  of  the  RF 
cavity,  is  very  important.  Two  high-average-cur- 
rent  accelerators,  using  super-conducting  acceler¬ 
ation  cavities,  have  been  in  successful  operation 
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[4,5].  Recently,  KAERI  has  finished  installation 
and  commissioning  of  a  2-MeV,  CW,  normal-con- 
ducting  in  cooperation  with  BINP.  The  average 
current  of  the  electron  beam  from  the  accelerator  is 
45  mA  at  maximum.  The  accelerator  will  be  used  as 
the  injector  for  a  high-energy  recirculating  acceler¬ 
ator  for  a  high  power  FEL.  In  our  short-term 
plan,  the  accelerator  will  also  be  used  for  a  high 
power  millimeter-wave  FEL  and  a  tunable  X-ray 
generator. 


2.  The  electron  accelerator  system 

Fig.  1  shows  a  schematic  of  the  whole  accelerator 
facility  including  the  RF  generator  and  the  control 
system.  Fig.  2  shows  a  schematic  of  the  electron 
accelerator,  and  Fig.  3  shows  a  photograph  of  the 
accelerator.  The  accelerator  is  composed  of  a  300- 
keV  electron  gun,  one  RF  bunching  cavity,  two  RF 
acceleration  cavities,  a  180-degree  bending  magnet, 
and  a  beam  dump.  Main  parameters  of  the  electron 


Magnet 

Fig.  1.  Schematic  of  the  high-average-current  2-MeV  electron  accelerator  facility. 


Buncher  Cavity  Acceleration  Cavity 
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Fig.  3.  Photograph  of  the  accelerator. 


Table  1 

Main  parameters  of  the  2-MeV  electron  accelerator 


Electron  energy  (kinetic) 

1.5  MeV  (Nominal) 

2.0  MeV  (Maximum) 

Current 

6  A  (Peak) 

45  mA  (Average) 

Emittance 

4071  pm  rad 

Repetition  rate 

0...22.5  MHz 

Pulse  duration 

350  ps 

RF  frequency 

180  MHz 

Operation  mode 

CW/Single  pulse 

accelerator  are  listed  in  Table  1.  The  resonance 
frequency  of  the  RF  cavity  is  180  MHz.  The  max¬ 
imum  repetition  rate  of  the  electron  beam  should 
be  equal  to  the  RF  frequency  divided  by  the  num¬ 
ber  of  turns,  that  is  «  180/8  =  22.5  MHz.  The 
normalized  emittance  should  be  £n  ~  150  n  pm  rad 
in  order  to  enable  lasing  at  ~  5  pm  wavelength. 
The  bunch  length  should  not  exceed  300  ps  (trans¬ 
formed  to  the  energy  spread  A  E/E  ~  2x  10~3  in 
the  undulator).  To  obtain  peak  current  ~  100  A  in 


the  undulator  it  is  necessary  to  get  ~  6  A  peak 
current  and  A  E/E  ~  10"  3  from  the  injector. 

2.1.  The  electron  gun 

The  electron  gun  is  composed  of  a  cathode-grid 
unit  controlled  by  a  modulator,  a  static  linear  ac¬ 
celerating  tube  placed  in  a  high-pressure  vacuum 
vessel  with  insulating  SF6  gas,  a  300-kV  DC  power 
supply  with  control  electronics,  a  power  supply  for 
the  high-voltage  part  of  the  gun  with  an  isolation 
transformer,  and  control  electronics  with  optical 
signal  transmission  to  and  from  the  high-voltage 
part.  Fig.  4  shows  a  schematic  of  the  electron  gun. 
The  parameters  of  the  electron  gun  are  listed  in 
Table  2. 

In  order  to  get  a  very  short  pulse  electron  beam 
(1.5  ns),  we  use  a  tetrode-type  thermionic  cathode. 
The  cathode-grid  unit  operates  in  the  space- 
charge-limited  emission  mode.  The  gap  and  voltage 
between  the  cathode  and  the  grid  electrode  are 
0,1  mm  and  100  V,  respectively.  The  voltages  on  the 
grids  are  optimized  to  get  minimum  emittance  of 
the  electron  beam.  The  emittance  calculated  by 
uisng  a  simulation  code  does  not  exceed  207ipm 
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Cathode-Grid  Unit 
Pressure  Tank  (SF6,  2atm) 


Acceleration  Tube 


Support  Frame 

Fig.  4.  Schematic  of  the  300-keV,  45-mA  electron  gun. 


Table  2 

Parameters  of  the  300-keV  electron  gun 


Electron  energy  (kinetic) 

300  keV 

Current: 

1.25  A  (Peak) 

45  mA  (Average) 

Emittance 

160  Trpm  rad 

Repetition  rate 

0...22.5  MHz 

Pulse  duration 

1.6  ns 

Cathode  material 

BaO:CaO:MgO 

Operation  mode 

CW/Single  pulse 

rad.  The  pulse  duration  of  1.5  ns  corresponds  to  an 
«  100°  phase  interval  at  the  main  accelerating  (and 
bunching)  frequency  of  180  MHz.  If  the  duration  is 
larger,  a  significant  number  of  electrons  are  lost 
during  bunching. 

2.2.  The  RF  cavities 

The  resonance  frequency  of  the  bunching  RF 
cavity  is  180  MHz  [6].  The  cavity  has  copper  clad 
stainless-steel  walls.  The  Q  value  of  the  cavity  is 
42000,  and  the  shunt  impedance  is  8.5  MQ.  The 
tuning  range  of  the  resonant  frequency  is  320  kHz, 
and  the  tuning  speed  is  5kHz/s.  The  heat  loss  at 
a  cavity  voltage  of  850  kV  is  100  kW. 

The  RF  power  supplied  into  the  bunching  cavity 
is  2  kW,  and  the  corresponding  RF-voltage  in  the 
cavity  is  llOkV.  For  the  best  bunching  of 


the  electron  beam,  the  RF  phase  is  chosen  so  that 
the  energy  loss  of  the  electron  bunch  is  30  keV  after 
passing  the  bunching  cavity.  Since  the  power  lost 
by  electrons  is  comparable  to  the  RF  power,  the 
phase  and  the  amplitude  of  RF  in  the  cavity  should 
be  controlled  very  carefully. 

The  main  accelerating  section  is  composed  of 
two  independently-controlled  RF  cavities.  The  ac¬ 
celerating  cavities  have  almost  the  same  structure 
and  parameters  as  those  of  the  bunching  cavity. 
The  energy  gain  from  each  accelerating  cavity  is 
600  keV  nominally,  and  800  keV  at  maximum.  The 
distance  between  the  bunching  cavity  and  the  first 
accelerating  cavity  is  chosen  such  that  the  bunching 
process  occurs  optimally. 

2.3.  The  transport  beamline  and  the  beam 
measurement  system 

The  transport  beamline  is  intended  for  guiding 
a  beam  through  the  vacuum  chamber,  minimizing 
emittance  at  the  output  of  the  injector,  and  fitting 
parameters  of  the  beam  to  the  recirculating  main 
accelerator.  It  consists  of  sets  of  magnetic  correc¬ 
tors,  solenoidal  lenses,  quadrupole  lenses,  and 
a  180°  bending  magnet. 

The  beam  measurement  system  is  intended  for 
measuring  all  the  significant  parameters  of  the 
electron  beam,  namely:  position,  average  current, 
average  energy,  time  structure,  vertical  and  hori¬ 
zontal  emittances,  and  energy  spread.  It  consists  of 
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a  beam  position  monitor;  a  DC  current  monitor; 
a  pulse  current  monitor;  and  a  beam  profile  moni¬ 
tor  module  with  a  kicker  magnet.  The  pulse  current 
monitor  measures  the  image  charge  due  to  pulse 
electron  beam,  and  its  time  resolution  is  100  ps. 

3.  Beam  dynamics 

One  of  the  critical  issues  in  the  design  and  the 
operation  of  the  accelerator  is  the  question:  is  the 
pulse  duration  of  1.5  ns  short  enough  to  capture  all 
of  the  electron  beam?  The  pulse  duration  of  1.5  ns  is 
almost  the  state  of  the  art  limit  we  can  get  by  using 
an  electrical  modulator.  Fig.  5  shows  the  result  of 
the  simulation  of  beam  trajectories  starting  from 
the  cathode-grid  unit  and  ending  at  the  exit  of  the 
second  accelerating  RF  cavity.  The  space  charge 
effect  and  the  influence  of  the  cavities,  solenoids, 


and  vacuum  chamber  are  taken  into  account.  The 
vertical  axis  in  the  figure  is  the  energy  of  electron 
beam  in  keV,  while  the  horizontal  axis  is  longitudi¬ 
nal  position  expressed  in  picoseconds.  The  simula¬ 
tions  show  that  most  part  of  a  1.5-ns  pulse  can  be 
bunched  to  <  lOOps  duration  with  an  energy 
spread  of  less  than  20  keV.  The  “tails”  laying  out  of 
1.5  ns  duration  hardly  can  be  bunched,  and  will  be 
lost  after  passing  the  bending  magnet  due  to  large 
energy  spread.  Fig.  6  shows  the  measured  pulse 
waveforms  of  an  electron  bunch  (a)  at  the  exit  of  the 
second  RF  cavity  and  (b)  at  the  exit  of  the  electron 
gun. 

Another  important  issue  is  the  beam  instability 
at  a  high  average  current  of  electron  beam.  With  up 
to  1  MHz  of  repetition  rate,  the  percent  of  beam 
transport  to  the  dump  is  more  than  95%.  At 
4  MHz,  the  transport  decreases  to  75%,  which 
seems  to  be  related  to  the  beam  instability  at 


Fig.  5.  Phase  space  portrait  of  an  electron  bunch  at  the  exit  of  the  second  RF  cavity.  The  pulse  duration  of  the  bunch  before  entering  the 
bunching  cavity  is  1.5  ns. 
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Fig.  6.  Measured  pulse  forms  of  a  bunch  (a)  at  the  exit  of  the 
second  RF  cavity  and  (b)  at  the  exit  of  the  electron  gun. 

high-average  current.  The  analysis  of  beam  insta¬ 
bility  and  the  improvement  of  beam  transport  is 
under  investigation. 

4.  Conclusion 

A  high-average-current  CW  electron  accelerator 
using  normal-conducting  RF  cavities  has  been  de¬ 


veloped  and  commissioned.  The  energy  and  the 
average  current  of  the  electron  beam  are  2  MeV 
and  45  mA,  respectively.  The  accelerator  will  be 
used  as  an  injector  of  a  higher  energy  accelerator 
for  high-power  infrared  FEL.  In  the  short-term 
plan,  the  accelerator  will  be  used  for  a  high- 
power  millimeter-wave  FEL,  which  is  now  under 
design  [7]. 


References 

[1]  N.A.  Vinokurov  et  al,  Nucl.  Instr.  and  Meth.  A  375  (1996) 
403. 

[2]  N.A.  Vinokurov  et  al,  LBNL-40081  UC414,  March  1997. 

[3]  K.W.  Berryman  et  al,  SPIE  2376  (1995)  53. 

[4]  E.  Minehara  et  al.  Proceedings  of  19th  International  Con¬ 
ference  on  Free  Electron  Laser,  11-45,  Elsevier,  Amsterdam, 
1998. 

[5]  S.V.  Benson  et  al,  Nucl.  Instr.  and  Meth.  A  407  (1998)  401. 

[6]  V.S.  Arbuzov  et  al.  Proceedings  of  the  1993  Particle  Accel¬ 
erator  Conference,  vol.  2,  1993,  p.  1226. 

[7]  Sun  Kook  Kim  et  al.  High-average-power  millimeter-wave 
FEL  driven  by  a  2-MeV  CW  electron  accelerator,  Abstract 
Book  of  the  20th  International  FEL  Conference,  1998. 


VII.  ACCELERATORS 


ELSEVIER 


Nuclear  Instruments  and  Methods  in  Physics  Research  A  429  (1999)  358-364 


NUCLEAR 
INSTRUMENTS 
&  METHODS 
IN  PHYSICS 
RESEARCH 

_ Section  A _ 


www.elsevier.nl/locate/nima 


The  magnetic  and  diagnostics  systems  for  the  Advanced  Photon 
Source  self-amplified  spontaneously  emitting  FEL^ 

E.  Gluskina,  C.  Benson3,  R.J.  Dejus3,  P.K.  Den  Hartog3,  B.N.  Deriy3, 

O.A.  Makarov3,  S.V.  Milton3,  E.R.  Moog3’*,  V.I.  Ogurtsov3,  E.M.  Trakhtenberg3, 
K.E.  Robinsonb,  I.B.  Vasserman3,  N.A.  Vinokurov0,  S.  Xu3 

a Advanced  Photon  Source,  Argonne  National  Laboratory,  XFD-401,  9700  S.  Cass.  Avenue,  Argonne  IL  60439,  USA 
hSTI  Optronics,  2755  Northup  Way,  Bellevue  WA  98004,  USA 
cBudker  Institute  of  Nuclear  Physics,  11  Ac.  Lavrentyev  Prosp.,  630090  Novosibirsk,  Russia 


Abstract 

A  self-amplified  spontaneously  emitting  (SASE)  free-electron  laser  (FEL)  for  the  visible-to-ultraviolet  spectral  range  is 
under  construction  at  the  Advanced  Photon  Source  at  Argonne  National  Laboratory.  The  amplifier  part  of  the  FEL 
consists  of  twelve  identical  2.7-m-long  sections.  Each  section  includes  a  2.4-m-long,  33-mm-period  hybrid  undulator, 
a  quadrupole  lens,  and  a  set  of  electron  beam  and  radiation  diagnostics  equipment.  The  undulators  will  operate  at  a  fixed 
magnetic  gap  (approx.  9.3  mm)  with  K  =  3.1.  The  electron  beam  position  will  be  monitored  using  capacitive  beam 
position  monitors,  YAG  scintillators  with  imaging  optics,  and  secondary  emission  detectors.  The  spatial  distribution  of 
the  photon  beam  will  be  monitored  by  position  sensitive  detectors  equipped  with  narrow-band  filters.  A  high-resolution 
spectrograph  will  be  used  to  observe  the  spectral  distribution  of  the  FEL  radiation.  ©  1999  Elsevier  Science  B.V. 
All  rights  reserved. 

Keywords:  Free-electron  laser 


1.  Introduction 

The  SASE  FEL  now  under  construction  [1,2]  at 
the  Advanced  Photon  Source  (APS)  will  consist  of 
two  major  parts:  the  APS  injection  system  600- 
MeV  linac  coupled  to  a  small-emittance  electron 
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gun,  and  a  set  of  12  undulators.  Initial  operations 
will  be  at  a  lower  energy  in  order  to  produce  visible 
532-nm  light.  The  parameters  for  initial  operations 
are  given  in  Table  1.  Further  information  about  the 
particle  beam  production  and  characteristics  are 
given  in  Refs.  [1,2].  After  experience  is  gained  with 
visible  light,  the  linac  energy  will  be  increased,  and 
the  FEL  will  produce  120-nm  ultraviolet  light. 

Simulations  of  the  beam  bunching  in  an  FEL 
were  performed  [3],  showing  that  the  undulator 
line  can  have  separated  undulators  without  signifi¬ 
cant  deleterious  effects  on  the  bunching.  The  drift 
spaces  between  undulators  can  then  accommodate 
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diagnostics  and  quadrupoles  for  horizontal  beam 
focusing.  Since  the  horizontal  focusing  can  be  sep¬ 
arate  from  the  undulators,  the  design  for  the  undu- 
lators  becomes  much  simpler,  and  the  approach 
used  for  the  design  and  construction  of  the  undula¬ 
tors  on  the  APS  storage  ring  can  be  directly  applied 
to  the  FEL.  Also,  the  insertion  device  magnetic 
measurement  facility  of  the  APS  and  the  magnetic 
tuning  techniques  developed  for  the  APS  undula¬ 
tors  are  directly  applicable  to  the  measurement  and 
tuning  of  the  undulators  for  the  FEL.  A  drift  space 
also  allows  much  greater  flexibility  in  the  choice  of 
diagnostics  for  both  the  particle  and  light  beams. 


Table  1 

FEL  parameters 


Wavelength 

532  nm 

Beam  energy 

220  MeV 

Normalized  emittance 

5 7i  mm-mrad 

Peak  current 

150  A 

Energy  spread 

0.1% 

Focusing 

Separate  quadrupoles 

Undulator  period 

33  mm 

Undulator  parameter  K 

3.1 

Undulator  effective  field 

10.061  kG 

Nominal  magnetic  gap 

9.3  mm  (fixed) 

Undulator  length 

2.4  m 

Cell  length 

2.7265  m 

Number  of  cells 

12 

Gain  length 

~  0.8  m 

These  advantages  have  led  to  the  choice  of  a  separ¬ 
ated  undulator  design  for  the  APS  FEL. 

The  FEL  line  will  consist  of  a  series  of  twelve 
identical  cells,  where  each  cell  includes  an  undula¬ 
tor,  a  diagnostics  section,  and  a  quadrupole  singlet. 
The  choice  of  the  lattice  was  made  with  the  help  of 
the  FEL  simulation  codes  [3].  Configurations  with 
a  single  quadrupole,  a  doublet,  or  a  triplet  placed  in 
the  drift  section  were  considered.  The  singlet  was 
found  to  give  the  best  particle  beam  bunching.  The 
codes  have  also  been  used  to  optimize  the  quadru¬ 
pole  strength.  The  beta  function  for  an  undulator 
cell  is  shown  in  Fig.  1  for  a  quadrupole  strength  of 
7.22  kG  (for  a  focal  length  of  1  m)  and  an  energy  of 
220  MeV.  Vertical  beam  focusing  is  intrinsic  to  the 
undulator  field;  no  additional  vertical  focusing  be¬ 
tween  the  undulators  will  be  added.  The  horizontal 
focusing  will  match  the  vertical  focusing  for  equal 
two-plane  focusing. 

The  length  of  the  drift  space  between  successive 
undulators  must  be  carefully  chosen  so  as  to  main¬ 
tain  the  proper  phasing  between  undulators  [4].  The 
phasing  is  affected  by  the  strength  of  the  undulator 
magnetic  field  and  by  the  end  fields.  Measurements 
of  the  end  field  on  existing  magnetic  structures  and 
a  calculation  of  their  effect  on  the  phasing  have  led 
to  choosing  a  drift  length  of  326.5  mm  from  the  end 
of  one  undulator  to  the  beginning  of  the  next  undu¬ 
lator,  for  an  overall  cell  length  of  2.7265  m. 


Z  (cm) 

Fig.  1.  The  beta  function  for  a  cell  of  the  FEL  lattice.  The  cell  consists  of:  a  7.785-cm  drift  length,  followed  by  a  5-cm  quadrupole,  then 
a  22.665-cm  drift  length  for  optical  diagnostics,  and  finally  a  233.7-cm  undulator  (not  including  the  end  poles). 
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The  functions  of  beam  steering  and  horizontal 
beam  focusing  have  been  combined  in  the  quadru- 
pole  magnet.  Separate  windings  on  the  quadrupole 
poles  allow  it  to  also  serve  as  a  dipole  correc¬ 
tion  magnet,  steering  the  beam  vertically  and 
horizontally. 

2.  Characteristics  of  the  FEL  undulator 

The  period  length  of  the  undulators  to  be  used 
for  the  FEL  is  33  mm.  Simulations  of  the  expected 
gain  have  been  performed  using  period  lengths  as 
short  as  27  mm,  and  the  results  showed  very  little 
sensitivity  to  changes  in  the  period.  (Changing  the 
period  length  from  27  mm  to  33  resulted  in  a  gain 
length  change  between  +  20%  and  —  7%  depend¬ 
ing  on  whether  the  undulator  K  parameter  was 
kept  constant  or  allowed  to  increase  as  it  normally 
would.)  Therefore,  since  the  well-understood  and 
standard  APS  undulator  A  is  a  33-mm-period  de¬ 
vice,  the  decision  was  made  to  proceed  with  that 
period  length,  and,  in  fact,  with  the  same  design  for 
the  magnetic  structure.  Since  horizontal  focusing  is 
separate  from  the  undulator,  there  is  no  need  to 
cant  the  undulator  poles  [4],  and  the  standard 
storage-ring  undulator  design  can  be  used.  How¬ 
ever,  the  criteria  for  magnetic  tuning  for  the  single¬ 
pass,  fixed-gap  FEL  are  somewhat  different  than 
for  a  variable-gap  undulator  A  in  the  storage  ring, 
as  described  below.  STI  Optronics,  of  Bellevue, 
WA,  designed,  built  and  tuned  the  undulators  A; 
they  are  also  building  and  tuning  the  FEL  magnetic 
structures.  The  final  tuning  of  the  ends  to  match 
the  phasing  [4]  to  the  drift  length  will  be  done 
at  APS. 

The  magnetic  structures  will  be  held  at  a  fixed 
magnetic  gap  when  they  are  installed  in  the  FEL 
tunnel.  For  convenience  in  tuning,  however,  a  vari¬ 
able-gap  support  and  drive  system  will  be  used  in 
the  measurement  room.  Once  the  magnetic  struc¬ 
ture  is  tuned,  it  will  be  mounted  on  the  fixed-gap 
system  and  its  magnetic  characteristics  will  be  con¬ 
firmed.  In  both  the  fixed-gap  and  variable-gap  sys¬ 
tems,  the  supports  holding  the  magnetic  structures 
apart  are  located  at  the  same  longitudinal  positions 
along  the  undulator  to  minimize  differences  in  the 
strongback  deflections. 


Some  of  the  magnetic  tuning  requirements  for 
FEL  undulators  are  more  demanding  than  for 
a  storage  ring  undulator.  For  an  FEL,  it  is  critically 
important  that  the  particle  beam  trajectory  co¬ 
incide  with  the  axis  of  the  emitted  radiation,  and 
that  the  coincidence  extend  over  many  gain  lengths. 
The  most  convenient  means  of  achieving  this  is  to 
keep  the  trajectory  of  the  particle  beam  straight 
through  the  undulator  end  regions  as  well  as 
through  the  full-field  regions.  This  leads  to  the 
requirement  that  the  second  field  integral  (averaged 
over  each  period)  remain  less  than  3300  G-cm2 
through  the  entire  length  of  the  undulators,  includ¬ 
ing  the  end  sections.  (Note  that  this  is  much  less 
than  the  second  integral  of  the  vertical  component 
of  the  earth’s  field  over  the  length  of  an  undulator, 
so  that  differences  in  the  ambient  field  between  the 
measurement  room  and  the  installation  site  need  to 
be  taken  into  account.)  For  a  beam  energy  of  220 
MeV,  the  requirement  corresponds  to  a  trajectory 
displacement  of  45  pm.  (The  corresponding  re¬ 
quirement  for  a  storage  ring  undulator  is  that  the 
second  field  integral  through  the  full-field  region  be 
below  105  G-cm2  for  all  gaps,  with  no  special  re¬ 
quirement  for  the  ends.)  The  requirement  that  we 
be  able  to  confirm  the  trajectory  straightness  in  the 
vertical  direction  to  this  accuracy  means  that  the 
horizontal  field  component  must  be  measured  ac¬ 
curately,  despite  the  planar  Hall  effect.  The  work 
done  to  develop  this  capability  is  reported  else¬ 
where  [5]. 

The  effective  magnetic  field  strengths  for  each 
undulator  must  be  matched  so  that  the  light  pro¬ 
duced  by  one  undulator  is  at  the  resonant 
wavelength  for  the  next.  Simulations  were  carried 
out  in  which  a  K  of  3.10  was  assigned  to  some 
undulators  and  a  K  of  3.11  to  others,  correspond¬ 
ing  to  a  change  in  undulator  field  of  32  G.  The 
electron  bunch  peak  current  density  dropped  by 
~  35%  compared  to  the  ideal  case  at  one  posi¬ 
tion  along  the  FEL,  but  began  to  recover  further 
downstream.  This  change  in  field  strength  is  larger 
than  the  8  G  difference  that  would  make  the 
wavelengths  from  different  undulators  different 
by  5%  of  the  width  of  the  first  harmonic  peak 
from  one  gain  length  of  undulator.  The  undula¬ 
tors  will  be  tuned  to  place  all  the  effective  fields 
within  a  15-G-wide  range.  A  field  strength  change 
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of  15  G  could  be  caused  by  a  change  in  magnetic 
gap  of  16  pm.  The  undulator  gap  will  be  near  9.3 
mm,  but  the  gap  of  each  undulator  will  be  adjusted 
individually  to  compensate  for  undulator-to-undu- 
lator  variations. 

The  requirement  that  the  field  strengths  for  the 
undulators  be  nearly  identical  leads  to  a  temper¬ 
ature  uniformity  requirement  for  the  FEL  line.  The 
permanent  magnets  are  made  of  Nd-Fe-B,  which 
loses  strength  reversibly  with  a  temperature  coeffic¬ 
ient  of  0.09  %/°C.  There  is  also  a  change  in  gap, 
since  the  spacer  blocks  that  hold  the  magnetic 
structures  apart  will  expand.  For  a  1°C  increase  in 
temperature,  the  loss  in  magnet  strength  will  result 
in  a  field  decrease  of  9  Gauss,  and  the  thermal 
expansion  of  brass  spacers  will  result  in  a  field 
decrease  of  about  0.2  Gauss.  To  keep  a  <  15  Gauss 
variation  requirement,  the  temperature  of  any  un¬ 
dulator  must  be  the  same  as  the  temperature  of  any 
other  undulator  to  within  1.5°C  (or  ±  0.75°C). 

The  vertical  focusing  of  the  particle  beam  by  the 
undulator  is  the  result  of  variation  in  the  undulator 
field  with  vertical  position,  so  variations  in  the 
midplane  from  pole  to  pole  can  affect  the  focusing. 
We  sought  to  determine  the  vertical  center  under 
each  pole  with  an  accuracy  better  than  the  50  pm 
tolerance  on  the  overall  vertical  position  [6].  The 
preferred  technique,  given  the  drift  in  the  Hall 
probe  zero,  was  to  measure  By(y)  under  each  pole 
(y  is  vertical  position).  The  minimum  value  of  By  is 
the  center  height.  The  results  of  the  measurements 


are  shown  in  Fig.  2.  Most  of  the  scatter  in  the 
magnetic  center  heights  is  not  due  to  measurement 
error.  Instead,  it  arises  from  a  variety  of  factors 
inherent  in  the  assembly  of  undulators.  The  perma¬ 
nent  magnet  blocks  vary  in  strength;  for  this  device 
the  rms  error  in  the  magnet  strength  was  0.43%. 
There  can  be  errors  in  the  mechanical  height  of  the 
poles.  The  shims,  especially  the  skew  shims,  used 
for  tuning  the  device  can  affect  the  magnetic  center 
height,  as  can  other  sources  of  magnetic  errors  such 
as  the  presence  of  ambient  magnetic  material.  This 
scatter  is  inconsequential,  however,  since  it  is  on 
a  much  shorter  scale  than  the  ^-function  of  the 
particle  beam. 

Other  FEL  requirements  are  less  demanding 
than  the  corresponding  requirements  for  storage¬ 
ring  undulators.  Since  the  FEL  undulators  will 
operate  at  a  single  fixed  gap,  magnetic  tuning  only 
needs  to  be  done  at  that  one  gap.  Also,  a  small 
phase  error  is  important  for  a  storage  ring  undula¬ 
tor  to  ensure  high  brilliance  in  higher  order  har¬ 
monics,  whereas  FEL  operation  only  relies  on 
a  brilliant  first  harmonic.  Because  the  brilliance  of 
the  first  harmonic  is  much  less  affected  by  phase 
errors  than  the  brilliance  of  higher  harmonics,  the 
rms  phase  error  requirement  is  less  demanding  for 
an  FEL  undulator.  The  criterion  used  for  the  FEL 
is  that  the  first  harmonic  intensity  should  not  de¬ 
crease  by  more  than  5%  due  to  phase  errors,  which 
leads  to  the  requirement  that  the  rms  phase  error  be 
less  than  10°. 


Fig.  2.  The  height  of  the  magnetic  center  for  each  pole  along  an  undulator  at  a  gap  of  9.3  mm.  The  rms  error  is  23  pm. 
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Simulations  [6]  have  also  been  used  to  deter¬ 
mine  tolerances  for  the  alignment  of  the  undulators 
to  the  beam  and  to  adjacent  undulators.  The  cal¬ 
culated  tolerances  given  in  Table  2  are  based  on 
requiring  that  the  power  output  does  not  change 
more  than  approximately  10%  for  a  given  para¬ 
meter.  The  focal  length  of  the  quadrupole  assumed 


for  these  calculations  was  2.4  m.  The  simulations  of 
the  effect  of  the  quadrupole  strength  on  the  beam 
bunching  found  that  while  a  focal  length  of 
1  m  gave  the  best  beam  bunching,  it  also  resulted  in 
tighter  tolerances.  This  somewhat  longer  focal 
length  may  be  a  better  compromise. 


Table  2 

Acceptable  tolerances 


3.  Beam  diagnostics 

The  diagnostics  serve  two  purposes:  one  is  to 
monitor  and  maintain  the  coincidence  between  the 
particle  beam  and  the  undulator  radiation,  the  sec¬ 
ond  is  to  evaluate  the  characteristics  of  the  light 
that  is  produced  by  the  FEL. 

A  schematic  of  the  diagnostics  section  that  will  be 
located  between  the  undulators  is  shown  in  Fig.  3. 
Since  it  is  critical  that  the  particle  beam  and  the 
axis  of  the  emitted  light  beam  coincide  through  the 
entire  series  of  undulators,  three  different  and  com¬ 
plementary  monitors  of  the  particle  beam  position 
have  been  included.  The  capacitive  button  BPM,  or 
beam  position  monitor,  is  the  same  as  the  BPMs 


to  end  ^ 
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Fig.  3.  Schematic  of  the  diagnostics  section  (not  to  scale). 
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used  at  the  ends  of  the  insertion  device  straight 
sections  in  the  APS  storage  ring.  The  relative  posi¬ 
tions  of  the  buttons  are  different  than  in  the  storage 
ring,  however  -  since  the  FEL  vacuum  chamber  has 
a  smaller  vertical  aperture  than  the  usual  storage 
ring  ID  vacuum  chamber,  the  buttons  will  be  verti¬ 
cally  closer.  They  will  also  be  closer  transversely  in 
order  to  improve  their  sensitivity  [7].  The  second¬ 
ary-emission  wire  BPM  is  an  absolute  position 
monitor  that  consists  of  two  perpendicular  sets  of 
four  parallel  wires.  The  spacing  between  the  15-pm 
wires  is,  in  order,  0.5, 1,  and  0.5  mm.  The  current  to 
individual  wires  is  monitored  as  the  particle  beam 
is  steered  to  strike  the  wires.  The  beam  can  be 
centered  vertically  and  horizontally  by  steering  it  to 
determine  where  it  hits  the  wires  on  opposite  sides 
of  the  beam  centerline,  then  splitting  the  difference. 
During  normal  operation  the  beam  will  not  strike 
the  wires  because  the  spacing  between  the  central 
wires  will  be  a  few  times  the  beam  size.  The  third 
beam  position  monitor  is  the  CCD  image  of  the 
YAG  scintillator  crystal.  The  optical  system  will  be 
designed  to  make  the  size  of  a  CCD  pixel  compara¬ 
ble  to  the  10-jim  resolution  reported  [8]  for  the 
YAG  crystal  itself. 

Upstream  of  the  undulators,  there  will  be 
a  chicane  for  the  particle  beam  [9].  The  synchro¬ 
tron  radiation  produced  at  its  bends  will  be 
monitored  as  a  means  of  characterizing  the  particle 
beam,  and  it  will  also  provide  a  place  for  an  align¬ 
ment  laser  to  be  inserted.  The  alignment  laser  will 
be  directed  down  the  inside  of  the  vacuum  chamber 
and  will  be  used  to  define  the  desired  straight-line 
beam  path.  Since  the  alignment  laser  light  will 
travel  through  the  same  optical  systems  as  the  FEL 
light  and  the  light  from  the  YAG  crystal,  the  de¬ 
sired  position  of  the  light  on  the  CCD  arrays  can  be 
defined. 

The  lens  and  CCD  in  the  upper  left  of  Fig.  3  will 
be  used  to  check  the  distribution  in  angle  of  the 
incoming  light  as  well  as  its  position,  by  varying  the 
focus  from  infinity  to  the  downstream  end  of 
the  nearest  undulator.  When  the  focus  is  at  infinity, 
i.e.,  the  distance  between  the  CCD  and  the  lens  is 
the  focal  distance,  all  the  light  incident  on  the  lens 
parallel  to  a  particular  angle  will  be  imaged  to  the 
same  point  on  the  CCD.  In  this  configuration,  all 
position  information  about  the  incoming  light  is 


lost  and  the  image  on  the  CCD  will  reflect  the 
distribution  in  angle  of  the  incoming  light.  A  deflec¬ 
tion  between  undulators  or  a  trajectory  kick  within 
an  undulator  will  appear  as  a  displacement  in  the 
CCD  image.  A  bandpass  filter  will  limit  the  angular 
spread  of  red-shifted  light  that  reaches  the  lens. 
With  the  focus  adjusted  to  lie  at  closer  distances, 
such  as  within  the  undulator,  the  positions  of  the 
emitted  light  along  the  length  of  the  undulator  will 
be  monitored. 

One  of  the  filter  wheels  in  the  upper  left  of 
Fig.  3  will  carry  bandpass  filters;  the  other  will  have 
neutral-density  filters  so  that  the  light  levels  can  be 
adjusted  to  suit  the  CCD.  Of  the  bandpass  filters 
that  have  been  selected,  one  will  pass  the  on-axis 
first-harmonic  FEL  light.  Another  will  pass  red- 
shifted  light,  which  will  be  off-axis  and  in  the  shape 
of  a  cone  around  the  axis,  with  the  angle  between 
the  cone  and  the  axis  depending  on  the  wavelength 
transmitted.  Using  the  red-shifted  light  to  guide 
adjustments  of  the  relative  trajectories  through  two 
consecutive  undulators  may  allow  more  accurate 
adjustments.  The  red-shifted  light  appears  as  a  ring, 
and  two  rings  are  easier  to  align  than  two  spots. 
Also,  the  width  of  the  annulus  of  red-shifted  light  is 
smaller  than  the  size  of  the  on-axis  spot,  so  the 
difference  is  between  aligning  two  sharp  rings  as 
opposed  to  two  broader  spots. 

As  shown  in  Fig.  3,  a  mirror  is  inserted  into  the 
particle  (and  light)  beam  path  in  order  to  reflect  the 
FEL  or  alignment  laser  light  into  the  optics  at 
the  upper  left  of  the  figure.  This  mirror  will  have 
three  positions:  one  where  the  mirror  is  removed 
from  the  beam  path,  one  where  the  mirror  com¬ 
pletely  blocks  the  beam  and  reflects  all  the  light, 
and  one  with  a  small  hole  to  allow  the  particle 
beam  to  pass,  unperturbed,  while  still  reflecting 
much  of  the  light  into  the  optical  system.  Demand¬ 
ing  requirements  have  been  placed  on  the  motion  of 
this  mirror  so  that  the  position  of  the  light  on  the 
CCD  is  repeatable  to  within  a  pixel  despite  the 
approximately  1-m-long  distance  between  this  mir¬ 
ror  and  the  next  mirror  in  the  light  path.  In  order  to 
more  readily  achieve  this  repeatability,  the  direc¬ 
tion  of  motion  of  the  mirror  between  its  different 
positions  is  parallel  to  the  plane  of  the  mirror  face. 

Another  use  for  the  optics  in  the  upper  left  of 
Fig.  3  is  as  a  diagnostic  for  the  light  produced  by 
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the  FEL.  Each  set  of  these  optics  will  be  calibrated 
to  the  same  intensity  standard.  They  will  then  be 
used  to  measure  the  intensity  from  each  undulator 
individually,  as  follows.  The  mirror  in  the  particle 
beam  path  after  the  first  undulator  will  be  posi¬ 
tioned  so  that  the  hole  allows  the  particle  beam  to 
pass  unperturbed.  A  small  fraction  of  the  undulator 
light  will  also  pass  through  the  hole,  but  most  of  it 
will  be  reflected  into  the  optics  where  the  absolute 
intensity  of  the  light  from  the  first  undulator  will  be 
measured.  The  small  amount  of  light  that  passes 
through  the  hole  is  still  all  the  light  from  the  first 
undulator  that  would  interact  with  the  particle 
beam  in  the  second  undulator  to  induce  bunching. 
When  the  light  is  viewed  after  the  second  undula¬ 
tor,  the  contribution  from  the  first  undulator  will 
be  a  small  portion  of  the  total  intensity.  Since  the 
undulators  are  longer  than  a  gain  length,  almost  all 
the  intensity  will  be  from  the  second  undulator.  The 
light  intensity  from  the  different  undulators  can 
then  be  compared.  If  no  beam  bunching  is  occur¬ 
ring,  then  the  absolute  intensity  seen  after  each 
undulator  will  be  the  same.  Intensity  measurements 
can  be  made  after  every  one  of  the  undulators  for 
a  single  incident  beam  pulse,  so  that  the  intensity 
growth  can  be  studied  without  variations  introduc¬ 
ed  by  changes  in  the  incident  beam. 

A  second  diagnostic  of  the  FEL  light  will  be 
located  in  an  end  station.  A  Paschen-Runge-type 
spectrograph  will  be  placed  on  the  low-radiation 
side  of  a  shielding  wall  at  the  downstream  end  of 
the  undulator  line.  A  schematic  of  the  spectrograph 
is  shown  in  Fig.  4.  It  will  be  used  for  high-resolution 
spectral  measurements  near  the  first  harmonic,  and 
since  the  goal  is  to  measure  the  spectral  structure  in 
the  SASE  light,  each  pulse  from  the  linac  will  be 
individually  measurable.  Light  sent  to  this  station 
will  have  been  picked  off  after  any  one  of  the 
undulators  (including  after  the  last  undulator),  us¬ 
ing  the  removable  mirror  shown  in  the  upper  left  of 
Fig.  3,  and  then  passed  through  a  hole  in  the 
shielding  wall.  It  will  go  through  a  bandpass  filter 


Fig.  4.  A  top  view  of  the  Paschen-Runge-type  spectrometer  that 
will  analyze  the  light  from  the  SASE  FEL. 

and,  if  necessary,  a  neutral  density  filter  before 
being  reflected  and  focused  onto  the  slit  by  a  con¬ 
cave  mirror.  The  slit,  the  spherical  grating,  and  the 
detector  all  lie  on  a  Rowland  circle.  The  CCD  will 
be  cooled  to  reduce  the  dark  current  and  improve 
the  signal-to-noise  ratio.  It  is  expected  that  the  light 
from  a  single  undulator  with  no  FEL  amplification 
and  from  a  single  incident  bunch  will  be  readily 
measurable. 
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Abstract 

Electromagnetic  undulators  have  a  number  of  advantages  over  permanent-magnet  undulators.  They  are  less  expensive 
to  fabricate  and  their  field  is  easily  regulated  by  changing  the  current,  without  requiring  a  complex  and  expensive 
precision  system  for  changing  the  undulator  gap.  Their  main  weaknesses  are  that  they  require  a  large  power  supply  and 
that  the  field  is  limited  due  to  yoke  saturation  mainly  because  of  large  axial  stray  fluxes,  particularly  in  simple 
constructions. 

Modernization  of  a  4.7-cm-period,  20-period  long  plane  electromagnetic  undulator  of  simple  design  is  described. 
Samarium-cobalt  permanent  magnets  were  used  to  increase  the  field  and  decrease  power  consumption.  They  were  placed 
between  adjacent  rings  (with  opposite  sign  of  field)  and  while  increasing  the  working  field  they  decreased  saturation  of  the 
iron  yokes.  Small  lateral  displacements  of  permanent  magnets  were  used  to  equalize  field  amplitudes  in  half  periods  of  the 
undulator  with  0.1%  accuracy.  Matched  input  and  output  to  and  from  the  undulator,  respectively,  were  formed  by  means 
of  auxiliary  permanent  magnets  and  special  magnetic  screens  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Electromagnetic  undulator;  Yoke  saturation 


1.  Introduction 

Electromagnetic  undulators  were  the  first  to  be 
employed  for  generating  undulator  radiation  at 
storage  rings  [1]  and  in  FELs  [2]  on  various  accel¬ 
erators.  Both  helical  and  planar  undulators  were 
developed,  the  former  being  primarily  pulsed  (if  not 
superconducting  as  in  [2])  and  the  latter  DC.  Large 
power  consumption  dictates  using  iron,  which 
allows  a  saving  of  nearly  50%  in  ampere-turns 
and  75%  in  power  consumption  (iron  is  also 
beneficial  in  facilitating  electron  beam  focusing  in 
both  transverse  directions).  However,  power  con- 
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sumption  remains  large  and  a  problem,  the  practi¬ 
cal  limit  of  magnetic  field  amplitude  being  set  by 
iron  saturation.  The  periodic  structure  of  an  undu¬ 
lator  with  magnetic  field  of  opposite  signs  in  neigh¬ 
boring  gaps,  in  contradistinction  to  dipole  magnets, 
is  unavoidably  connected  with  noticeable  parasitic 
axial  stray  fluxes  between  axially  adjacent  poles. 
These  stray  fluxes  are  especially  large  in  simple 
designs.  Placing  the  currents  near  the  pole  surface 
results  in  smaller  stray  fluxes,  but  this  hampers 
considerably  the  manufacturing  of  a  water-cooled 
coil  of  meander  shape. 

Some  combined  (EM  +  PM)  schemes  to 
counterbalance  early  saturation  of  yokes  were 
proposed  in  Ref.  [3].  A  design  with  two  sets  of 
yokes,  each  having  a  common  coil,  and  auxiliary 
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permanent  magnets  (as  in  a  classical  hybrid  undu- 
lator)  was  tested  with  a  7-period  (8-cm  period,  3-cm 
gap)  mock-up  [4,5]  yielding  5.8  kG  peak  field 
strength. 

Two  other  prototypes  based  on  a  modified  sec¬ 
tion  of  the  electromagnetic  undulator  of  the 
Paladin  FEL  experiment  [5]  used  permanent  mag¬ 
nets  placed  on  the  poles  either  near  the  gap,  or  on 
their  sides.  The  results  were  also  presented  in  sev¬ 
eral  other  publications  [6-8].  Some  increase  of 
undulator  field  was  obtained,  but  no  results  of 
further  studies  were  published,  and  it  seems  that 
not  all  possible  advantages  and  drawbacks  of  the 
proposed  scheme  were  revealed. 

A  similar  idea  (with  two  separate  sources  of  mag¬ 
netic  field)  was  used  in  a  hybrid  undulator  [9].  The 
iron  yokes  had  two  air  gaps:  one  centered  on  the 
undulator  axis  and  the  other  on  the  opposite  side 
(farthest  from  the  axis).  Three  sets  of  permanent 
magnets  were  employed:  one  placed  in  the  axial 
gaps  between  adjacent  poles  as  in  a  classical  hybrid 
undulator  and  two  others  in  the  side  gaps  of  right 
and  left  arrays  of  yokes  (instead  of  coils).  The  device 
yielded  7.4  kG  for  a  gap/period  ratio  of  It  should 
be  noted  that  the  yokes  in  this  device  are  less 
saturated  due  to  the  side  air  gaps  (where  PMs  are 
placed).  The  higher  field  compared  to  Ref.  [3]  was 
obtained  because  the  working  gap  was  shunted  by 
higher  magnetic  resistance  due  to  the  side  air  gap. 
So  performance  of  such  undulators  is  different  from 
a  combined  EM  +  PM  undulator  having  single 
gap  near  the  undulator  axis.  Another  difference  is 
that  the  field  amplitude  is  not  varied  in  this 
PM  +  PM  undulator.  Therefore,  the  study  of  PM 
assisted  electromagnetic  undulators  of  various  geo¬ 
metry  is  of  some  interest. 

We  use  PM-added  side-flux  suppression  in 
a  simple  design  and  have  not  yet  employed  water 
cooling  of  the  coil.  An  undulator  deflection  para¬ 
meter  K  «  1  in  a  4.7-cm-period  undulator  was 
obtained.  Further  increase  requires  design  optimiz¬ 
ation  and  a  water-cooled  coil. 

Focusing  in  the  orbit  plane  was  ensured  (as  in  the 
initial  design)  by  a  wedge-like  cross-section  form  of 
the  poles.  Field  errors  were  minimized  to  a  0.1% 
level  by  small  displacements  of  permanent  magnets 
in  the  transverse  plane.  Two  methods  of  matched 
undulator  input  formation  were  realized  employing 


Fig.  1.  Schematic  drawing  of  a  plane  electromagnetic  undulator. 
(1)  C-shaped  yokes,  (2)  coil,  (3)  beam  transport  tube,  (4)  per¬ 
manent  magnet  (SmCo)  insertion  (placed  into  dashed  squares  in 
up-graded  undulator). 

an  iron  shield  and  supplementary  permanent 
magnets. 

2.  Up-grading  a  4.7-cm-period  undulator 

A  20-period  undulator  was  fabricated  six  years 
ago1  for  a  Lebedev  Physical  Institute  FEL  project 
[10]  emphasizing  simple  design  and  inexpensive 
manufacturing.  Two  sections  of  a  projected  (not  yet 
realized)  water-cooled  coil  were  to  excite  two  sets  of 
yokes  (odd  and  even).  The  gaps  of  C-shaped  yokes 
were  along  the  undulator  axis  with  odd  yokes  on 
one  side  of  the  axis  and  even  ones  on  the  other  (see 
Fig.  1).  Steel  with  0.2%  carbon  was  used  instead  of 
expensive  Armco  or  Permendur  as  pole  and  yoke 
material.  The  rings  were  machined  to  have 
a  wedge-like  cross-section  (slight  cones)  and  gaps  of 
1.6  cm  were  then  cut.  Aluminum  spacers  ensured 
precision  assembly  of  the  undulator. 


1  The  undulator  was  designed  by  Zakharov  [10]. 
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Preliminary  tests  with  a  simple  uncooled  coil 
showed  that  the  maximum  1.4  kG  field  amplitude 
(K  =  0,6  at  30  A)  was  limited  by  saturation  of  steel 
yokes.  This  was  due  to  low  saturation  induction  in 
steel  and  also  non-optimal  ratio  of  pole  width  to 
axial  gap  between  adjacent  poles.  The  maximum 
amplitude  was  slightly  increased  to  1.8  kG  by  plac¬ 
ing  one  set  of  gaps  1.5  cm  from  the  other  in  the 
lateral  direction,  sacrificing  nearly  a  half  of  the 
aperture  for  transporting  electron  beam  (the  ring 
width  is  3.4  cm,  axial  thickness  -  1.2  cm). 

Since  the  limiting  field  amplitude  was  primarily 
due  to  saturation  of  yokes,  it  was  decided  to  insert 
SmCo  permanent  magnets  between  odd  and  even 
poles  in  the  intersection  region  of  their  axial  projec¬ 
tions,  with  magnetic  moments  parallel  or  anti-par¬ 
allel  to  the  undulator  axis  as  in  the  well-known 
hybrid  undulator  scheme  (position  4  in  Fig.  1).  Gap 
fields  excited  by  the  coil  and  PMs  are  summed  and 
yoke  fluxes  subtracted.  A  pair  of  magnets  had 
1x4x4  cm3  overall  dimensions.  The  remaining  air 
gap  of  nearly  0.15  cm  was  filled  with  0.35  mm  thick 
transformer  iron  plates.  Magnetic  moments  were 
measured  preliminarily  and  the  magnets  grouped 
in  pairs  to  yield  minimal  3%  rms  deviation  (6% 
maximal).  Such  a  variation  in  moments  was  per- 


ironyoke  transverse  gap  axial  gap  PM 


Fig.  3.  Undulator  magnetostatic  circuit:  Ry  -  magnetic  resist¬ 
ance  of  iron  yoke,  Rs  -  resistance  of  a  transverse  air  gap  between 
upper  pole  and  lower  one,  R?M  -  resistance  of  an  axial  gap 
occupied  by  PM  insertion,  Rc  -  resistance  of  a  remaining  axial 
gap  in  projection  intersection  area  (partial  coupling  resistance). 

missible  since  it  could  be  compensated  by  a  small 
lateral  displacement  of  PMs.  The  magnetic  field 
was  measured  by  means  of  a  Hall  probe. 

The  measured  dependencies  of  field  amplitude 
on  undulator  current  are  shown  in  Fig.  2.  Light 
circles  (curve  1)  and  triangles  (curve  2)  correspond 
to  the  initial  design  for  zero  and  1.5  cm  mutual 
lateral  displacement  of  odd  and  even  poles,  respec¬ 
tively.  Solid  diamonds  (curve  3)  correspond  to  in¬ 
serted  PMs.  Light  squares  represent  an  excitation 
curve  without  PMs  when  both  sets  of  gaps  (and 
yokes)  have  the  same  sign  (dipole  regime). 


Fig.  2.  Field  amplitude  dependencies  on  undulator  current:  (1  and  2,  and  4)  without  permanent  magnets;  (1)  zero  mutual  lateral 
displacement  of  sets  of  odd  and  even  gaps,  (2)  1.5  cm  displacement;  (3)  with  permanent  magnets  and  without  displacement;  (4)  without 
permanent  magnets  in  dipole  regime  (same  sign  of  field  in  all  gaps). 
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Fig.  4.  Axial  dependence  of  end  field  in  up-graded  undulator  matched  for  axial  injection:  (a)  zero  excitation  current,  auxiliary 
permanent  magnets  are  attached  to  end  yokes,  (b)  excitation  current  /  =  8  A,  auxiliary  magnets  generating  field  parallel  to  undulator 
field  are  placed  near  the  axis  apart  from  end  yokes.  1  -  Beam  transporting  tube,  2  -  end  yoke,  3  -  permanent  magnet,  4  -  magnetic  screen. 


Table  1 


Initial  model 

Up-graded  model 

Possible  improvements 

Undulator  period,  l0,  cm 

4.7 

4.7 

4.7 

Number  of  periods,  N 

20 

20 

20 

Undulator  length,  L,  m 

0.94 

0.94 

0.94 

Magnetic  gap,  h,  cm 

1.6 

1.6 

1.6 

Specific  power,  P,  kW/m 

6 

6 

~10 

Deflection  parameter,  K 

0.6 

1.3 

~2.6 

Field  errors  (RMS  values),  AB/B,% 

0.2-0.4 

0.2-0.4 

A  simple  magnetostatic  circuit  can  be  drawn  to 
assess  various  possible  improvements  (Fig.  3).  It  is 
possible  to  use  experimental  data  of  Fig.  2  and 


magnetization  curves  of  yoke  material  for  better 
fitting  circuit  parameters  and  predicting  undulator 
field  variation  with  changes  in  circuit  elements.  One 
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can  determine  the  value  of  saturation  induction  for 
steel  yokes  by  measuring  the  axial  dependence  of 
field  in  a  dipole  regime  and  taking  into  account 
transverse  stray  fluxes.  It  was  approximately  10  kG, 
which  is  less  than  one-half  of  that  for  Vanadium 
Permendur  (VP).  So  with  VP  one  can  attain  5.6  kG 
even  in  this  non-optimized  geometry  (ampere-turns 
and  PM  moments  should  be  doubled,  of  course). 

A  further  way  to  increase  the  undulator  field  is  to 
optimize  yoke  and  pole  widths.  The  former  could 
be  made  up  to  four  times  wider,  the  latter  -  nearly 
1.5  times  thinner.  The  optimum  is  a  compromise 
between  direct  field  increase  due  to  PM  flux 
through  the  undulator  median  plane,  which  gets 
larger  with  yoke  saturation,  and  higher  field  excited 
by  ampere-turns,  when  saturation  is  less  influential 
because  of  PM  flux  of  opposite  sign  in  the  yokes. 
Rough  estimates  based  on  the  above  magnetic  cir¬ 
cuit  show  a  possible  increase  of  1.4  times  up  to 
6-7  kG.  The  power  consumption  is  not  high:  1.6 
kW/m  for  this  model  with  K  =  1,  and  10  kW/m  for 
possible  further  improvements  with  K  =  2  and 
even,  perhaps,  K  «  3  (See  Table  1). 

To  control  field  amplitude  with  high  precision 
when  adjusting  the  lateral  position  of  PMs,  the  100 
Hz  current  component  was  suppressed  up  to  0.2%, 
resulting  in  0.04%  alternating  field  component.  DC 
current  was  stabilized  with  0.1%  accuracy. 

RMS  error  is  0.1%  (three  half-periods  at  each 
end  of  the  undulator  were  excluded  from  error 
calculation  since  they  were  included  in  fringe  field 
integrals).  After  adjusting  amplitudes  at  1  =  8  A 
with  0.1%  accuracy,  one  can  vary  the  current  in  an 
8-16  A  interval  (up  to  K  =  1)  with  rms  errors  not 
exceeding  0.4%.  This  accuracy  is  sufficient,  since 
calculations  of  permissible  spectral  line  width  give 
an  estimate  of  2%  (gamma  =  13.5),  corresponding 
to  2  mm  lateral  beam  displacement  [11]. 

The  simplest  method  of  beam  injection  in  an 
undulator  is  to  form  its  fringe  field  so  that  electrons 
moving  parallel  to  the  axis  acquire  the  necessary 
transverse  velocity  corresponding  to  the  orbit  angle 
at  zero  field  points  (so  called  matched  input).  End 
field  formation  in  such  a  combined  undulator  dif¬ 
fers  from  both  parent  prototypes:  a  classical  plane 
electromagnetic  undulator  with  iron  and  a  PM 
hybrid  one.  Two  methods  were  tried  in  this  study, 
both  employing  a  magnetic  shield  (iron  tube)  to  cut 


excessive  magnetic  flux  and  auxiliary  SmCo  perma¬ 
nent  magnets  to  add  missing  flux.  Field  axial  de¬ 
pendencies  for  both  cases  are  presented  in  Fig.  4 
with  schematic  drawings  of  iron  tube  and  auxiliary 
magnets.  Fig.  4a  is  for  zero  excitation  current, 
b  -  for  I  =  8  A.  The  second  method  (b),  when 
auxiliary  PMs  are  placed  apart  from  end  yokes,  is 
more  universal  and  can  be  employed  for  any  undu¬ 
lator  current  (and  in  any  plane  undulator). 

3.  Conclusion 

The  up-graded  electromagnetic  undulator  (com¬ 
bined  with  SmCo  permanent  magnets)  has  some 
advantages  over  pure  electromagnetic  and  PM 
undulators: 

•  Axial  stray  fluxes  may  be  greatly  reduced  and 
attainable  field  level  limited  by  yoke  saturation 
increased; 

•  power  consumption  per  unit  length  of  undulator 
is  lowered  by  several  times,  being  1.6  kW  at 
K  =  1  for  this  device; 

•  no  correction  coils  are  necessary  to  adjust  field 
amplitude  homogeneity:  it  can  be  done  with 
0.1%  precision  by  small  lateral  movements  of 
permanent  magnets; 

•  no  complex  device  for  precision  movement  of 
one  half  of  the  undulator  relative  to  the  other  to 
change  field  amplitude  (as  in  PM  undulators)  is 
needed; 

•  the  simple  design  means  less  expensive  manufac¬ 
turing,  less  material  consumption  etc.,  especially 
for  manufacturing  inexpensive  microundulators; 

•  using  yokes  of  high-saturation  material  (like 
Vanadium  Permendur)  and  optimizing  axial  di¬ 
mensions  of  yokes  and  poles,  it  seems  possible  to 
obtain  a  6-7  kG  undulator  field  for  a  moderate 
specific  power  consumption  ( ~  10  kW/m), 
though  requiring  a  water-cooled  coil; 

•  employing  a  water-cooled  coil  might  permit  even 
higher  fields  with  moderate  power  consumption. 
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Abstract 

A  helical  undulator  was  used  in  the  initial  experiment  to  realize  a  free  electron  laser  [D.A.G.  Deacon  et  al.,  Phys.  Rev. 
Lett.  38  (1977)  892].  Since  then  it  has  been  widely  used  in  FELs  with  pulsed  electron  beams.  To  inject  a  beam,  an 
adiabatic  input,  5-10  periods  long,  is  generally  used.  Such  a  section  is  also  often  used  at  the  undulator  output.  In  all,  this 
lengthens  the  undulator  by  30-50%.  An  alternative  method  of  forming  a  matched  fringe  field  with  a  short  winding  no 
more  than  a  period  long,  in  accordance  with  a  special  law,  is  effective  but  difficult  to  realize.  A  new,  simpler  method  of 
matching  the  undulator  input,  buttressed  by  calculations  and  experimentally  realized,  is  proposed.  In  this  case,  the  fringe 
field  is  formed  by  means  of  conductor  segments  in  the  form  of  straight  pieces  and  circumference  arcs.  This  enables  one  to 
accurately  meet  the  geometric  tolerances.  The  axial  length  of  this  section  is  about  J  of  an  undulator  period.  Experimental 
results  obtained  on  a  4.8  cm-period  undulator  gave  good  agreement  with  calculations.  ©  1999  Elsevier  Science  B.V.  All 
rights  reserved. 

Keywords:  Helical  undulators;  FEL;  Electron  beams 


1.  Introduction 

The  motion  of  particles  of  a  beam  of  finite  emit- 
tance  in  an  ideal  field  of  a  free  electron  laser  (FEL) 
undulator  can  be  represented  as  betatron  oscilla¬ 
tions  of  electrons  about  an  ideal  orbit  of  the  undu¬ 
lator  (in  the  presence  of  errors  in  the  field,  about  the 
distorted  orbit)  [1-4].  Minimal  shift  and  width  of 
the  radiated  spectrum  and  maximum  FEL  amplifi¬ 
cation  are  attained  for  the  smallest  deviation  of  the 
beam  from  the  undulator  axis  (or  median  plane). 


*  Corresponding  author.  Tel.:  7-95-132-6300;  fax:  7-95-938- 
2251. 

E-mail  address:  papadich@sci.lpi.ac.ru  (V.A.  Papadichev) 


This  can  be  accomplished  by  imparting  by  means 
of  external  devices  to  central  particles  of  the  beam 
a  deviation  and  angle  (transverse  velocity)  equal  to 
the  coordinate  and  angle  of  the  orbit  at  the  undula¬ 
tor  input  as  usual  in  transport  systems  of  storage 
rings  and  large  RF  linear  accelerators,  micro- 
trons,  etc. 

However,  a  different  method  that  is  more 
convenient  and  simpler  is  widely  used,  especially  in 
amplifiers  and  single-pass  FELs  on  high-current 
accelerators,  X-ray  FELs,  etc.  The  beam  is  directed 
into  the  undulator  along  its  axis  and  matching  of 
initial  conditions  at  injection  is  achieved  by  deflec¬ 
tion  of  the  beam  in  a  specially  formed  undulator 
fringe  field.  The  setup  is  simpler  and  the  overall 
FEL  length  is  shorter.  Moreover,  while  changing 
particle  energy  and  the  undulator  field  amplitude, 
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matched  injection  conditions  are  maintained  auto¬ 
matically. 

If  orbit  distortion  is  not  large  (corrected  if  neces¬ 
sary),  one  injects  an  electron  beam  on  the  ideal 
orbit,  i.e.,  with  zero  transverse  angle  at  field  maxi¬ 
ma.  The  orbit  amplitude  is  usually  much  smaller 
than  beam  radius  and  betatron  amplitudes,  so  one 
can  neglect  orbit  displacement  (but  this  can  be 
easily  taken  into  account  if  necessary).  The  fringe 
field  length  is  usually  not  large  (of  the  order  of 
winding  diameter)  compared  to  betatron  period 
h  =  /orv^/K,  so  electrons  do  not  change  their 
transverse  position,  experiencing  only  a  transverse 
kick.  The  deflection  angle  is  proportional  to  field 
integral  along  the  axis  and  should  be  zero  at  the 
first  regular  field  maximum. 

It  is  necessary  to  integrate  the  equation  of 
motion  and  correct  the  initially  calculated  (integ¬ 
rated)  angle  and  field  curve  if  the  betatron  period  is 
comparable  to  the  undulator  period. 

In  a  plane  undulator  with  almost  two-dimen¬ 
sional  field,  formation  of  a  matched  fringe  field  is 
relatively  simple:  a  half-period  with  approximately 
one-half  the  amplitude  of  the  field  is  added  at  the 
undulator  input.  The  integral  along  the  axis  of  this 
field  (taking  into  account  scattering  fringe  field)  to 
the  first  maximum  of  regular  undulator  field  (in 
the  second  or  third  half-period)  should  be  equal 
to  zero. 

Less  often,  for  matching  injection  in  a  plane 
undulator,  a  field  having  the  same  period  and  grad¬ 
ually  increasing  amplitude,  a  so-called  adiabatic 
input  [5,6],  is  used. 

Helical  electromagnetic  undulators  with  a  pulsed 
feed  are  simpler  and  considerably  cheaper  to  fabri¬ 
cate  than  other  types  of  undulators.  They  are, 
therefore,  widely  used  in  FELs  with  pulsed-periodic 
beams  providing  beam  focusing  in  both  transverse 
directions  and  when  necessary  permitting  the  use  of 
a  longitudinal  magnetic  field.  Such  a  field  is  often 
used,  for  example,  for  generation  and  transport  of 
intense  electron  beams.  However,  it  is  much  more 
difficult  to  produce  a  matched  input  in  a  helical 
undulator  than  in  a  planar  one  due  to  the  three 
dimensionality  of  the  fringe  field. 

It  should  be  noted  that  for  injection  of  particles 
along  the  axis,  for  example,  in  a  helical  undulator 


with  “abrupt”  break  of  the  periodic  part  of  the 
winding,  the  initial  angle  of  betatron  oscillations 
Pp/P\\  for  one  of  the  coordinates  is  approximately 
equal  to  the  angle  of  the  ideal  orbit  Pjlo/P\\>  and  the 
amplitude  a p  due  to  this  oscillation  is  y+Jl/K  times 
the  amplitude  of  the  orbit  a0.  Here,  y  is  the  total 
energy  of  particles  in  units  of  rest  energy, 
K  =  eB10lo/(2nm0c2)  =  0.934 B±0  (T)  l0  (cm)  is  the 
parameter  of  undulator  deflection,  /?y  =  v\\/c, 
Pp  =  vfi/c,  pL0  =  v±o/c ,  Where  vh  vp  and  v10  are 
axial,  betatron  and  orbital  velocities  of  electrons, 
respectively,  e  and  m0  are  the  electron  charge  and 
rest  mass  respectively,  c  is  the  speed  of  light  in 
vacuum,  and  l0  the  period  of  the  undulator. 

Most  often,  helical  undulators  have  an  adiabati- 
cally  rising  field  [7-12].  This  is  achieved  in  various 
ways:  winding  of  the  input  part  on  a  cone  tapering 
down  to  the  cylinder  of  the  main  part  of  the  undula¬ 
tor  [8,9],  shunting  current  of  the  input  turns  of  the 
undulator  [8,10-12],  branching  of  the  total  current 
of  a  multi-turn  winding  with  the  current  increasing 
to  the  main  part  of  the  undulator  [7,12],  etc. 

For  injection  along  the  axis,  the  amplitude  of 
betatron  oscillations  in  an  undulator  with  adiabatic 
input  is  l/27tiVinp  of  that  in  an  undulator  with  an 
“abrupt”  edge  [13].  However,  in  certain  cases  it  is 
necessary  for  Ninp  to  be  large  to  decrease  the  spread 
of  longitudinal  velocities  in  the  beam,  which 
lengthens  the  undulator.  A  similar  section  with 
gradual  decreasing  field  is  often  used  at  the  undula¬ 
tor  output,  significantly  increasing  FEL  length. 
Another  shortcoming  is  the  decrease  of  adiabatic 
input  effectiveness  near  gyroresonace  [13,14]. 
Moreover,  fringe  fields  due  to  an  unavoidable 
sharp  “break”  at  the  adiabatic  input  winding 
leads  to  considerable  transverse  deviations  of  the 
beam  and  requires  additional  measures  to  reduce 
them  [9]. 

The  method  of  forming  a  matched  input  with 
a  short-section  winding  following  a  special  law  z((p), 
where  z  is  the  axial  coordinate  and  (p  the  azimuthal 
angle,  was  proposed  by  Gaskevich  [15]  and  suc¬ 
cessfully  realized  [16,17].  The  length  of  the  input 
section  in  this  case  varies  from  about  a  half  period 
to  a  full  period,  depending  on  the  variant  chosen. 
This  makes  it  possible  to  significantly  decrease  the 
overall  length  of  the  undulator  as  compared  to  the 
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variant  with  adiabatic  input  and  output.  The  short¬ 
coming  of  the  method  is  the  difficulty  in  making  the 
grooves  and  laying  the  wire  in  the  profiled  part 
with  the  required  accuracy,  which  is  quite  high. 

We  propose  a  new  method,  which  is  simpler  in 
fabrication,  to  form  a  fringe  field  providing  match¬ 
ed  injection  of  a  beam  in  a  helical  undulator  with 
initial  motion  of  the  beam  along  the  undulator  axis. 
The  fringe  field  is  formed  by  means  of  conductor 
segments  in  the  form  of  straight  elements  and  arcs, 
which  makes  it  possible  to  keep  within  the  stringent 
geometric  tolerances.  The  extent  of  this  section  is 
about  £  of  an  undulator  period,  which  practically 
does  not  increase  the  overall  length  of  the 
undulator.  Such  an  input  automatically  maintains 
matching  of  injection  conditions  during  changing 
amplitude  of  undulator  field  and  the  energy  of 
particles  in  the  absence  of  an  axial  magnetic  field. 
Experimental  results  obtained  on  a  4.8  cm-period 
undulator  showed  good  agreement  with  calcu¬ 
lations. 


2.  A  new  method  of  forming  fringe  field: 
calculations  and  experiment 

The  magnetic  field  of  a  helical  undulator  was 
calculated  numerically  by  the  Biot-Savart-Laplace 
law.  A  helical  undulator  consists  of  a  bifilar  wind¬ 
ing:  the  second  winding  is  displaced  by  \  period 
relative  to  the  first,  with  currents  flowing  in  oppos¬ 
ing  directions.  Calculations  were  performed  for  un- 
dulators  with  various  ratios  of  winding  diameter 
to  period.  Experimental  investigations  were  per¬ 
formed  on  an  undulator  having  the  following 
parameters:  undulator  period  /0  =  4.8  cm,  radius  of 
spiral  winding  R  =  1.2  cm,  undulator  length  =  20 
periods  and  spiral  current  1  =  1  kA.  The  undulator 
is  schematically  shown  in  Fig.  1. 

The  dependences  of  magnetic  field  components 
along  the  undulator  axis  ( Bx ,  By )  on  coordinate 
z  for  “abrupt  break”  of  winding  (20  periods  without 
input  and  output  section)  are  shown  in  Fig.  2  (a  and 
b).  Integrals  along  the  axis  from  this  field  to  the 
maxima  of  the  regular  periodic  field  of  the  undula¬ 
tor  were  calculated  Px,  Py. 

In  calculating  integrals,  the  upper  limit  corre¬ 
sponded  to  the  axial  coordinate  five  periods  distant 


from  the  edge  of  the  undulator.  Thus,  calculations 
on  forming  a  matched  input  are  valid  to  a  high 
accuracy  for  the  case  when  the  period  of  betatron 
oscillations  is  10-15  times  greater  than  the  undula¬ 
tor  period,  which  is  usually  the  case  for  most  FEL 
experiments  (Ip  =  10).  When  the  ratio  of  the 

period  of  betatron  oscillations  to  the  undulator 
period  is  less,  it  is  necessary  to  integrate  the  equa¬ 
tion  of  motion  in  the  fringe  field  (forming  section) 
and  3-5  periods  within  the  undulator  and  intro¬ 
duce  corrections  to  the  parameters  of  the  forming 
section. 

In  a  matched  fringe  field,  these  integrals  should 
equal  zero.  In  the  case  considered,  for  abrupt  edge, 
Px  and  Py  differ  from  zero.  For  quantitative  evalu¬ 
ation  of  the  required  correction  to  these  values, 
integrals  are  calculated  from  a  component  of  regu¬ 
lar,  periodic  magnetic  field  for  a  quarter  of  a  period 
Mx,  My,  which  determine  the  components  of  the 
maximum  transverse  velocity  of  orbital  motion.  Of 
course,  Mx  =  My  for  a  helical  undulator  of  circular 
cross-section.  Calculations  showed  that  Px  exceeds 


Fig.  1.  Schematic  design  of  a  helical  undulator:  (a)  regular 
(periodic)  part  with  an  abrupt  break;  (b,  c)  corrector:  (b)  two  arc 
pieces,  (c)  straight  pieces,  (d)  semicircle  arc  to  place  both  feed 
conductors  on  the  same  side,  minimizing  stray  flux. 
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Fig.  2.  Helical  undulator  fringe  fields:  (a,  b)  Bx ,  By  for  abrupt  break;  (c,  d)  Bx,  By  for  proposed  matched  input;  (e)  experiment  (open 
circles). 


Mx  by  about  15%  and  Py  is  approximately 
only  6%  of  My  (integrating  up  to  3 Z0  within  un¬ 
dulator). 

To  form  a  matched  fringe  magnetic  field,  seg¬ 
ments  of  wire  in  the  form  of  straight  pieces  and  arcs 
were  used.  Two  straight  wires  are  placed  along 
generatrices  of  the  cylinder  on  which  the  undulator 
spiral  is  wound.  These  generatrices  are  on  diametri¬ 
cally  opposite  sides  of  the  cylinder.  The  wires  then 
take  the  form  of  a  circumference  arc  and,  finally, 
pass  over  to  the  undulator  winding.  Power  feed 
conductors  are  twisted  or  go  alongside  each  other 
to  minimize  stray  flux;  then  one  performs  a  semi¬ 
circle  to  reach  the  straight  piece  (Fig.  1). 

The  field  at  the  undulator  axis  from  a  current  of 
generatrix  and  circumference  arc  was  calculated 
analytically,  which  made  it  possible  to  select  their 
parameters.  The  total  field  of  the  input  device  to¬ 
gether  with  the  undulator  fringe  field  was  cal¬ 
culated  numerically.  The  field  By  at  the  undulator 
axis  from  a  generatrix  segment  at  radius  r  and 
length  z  =  2a,  i.e.,  (  +  a,  —  a),  is 

z  —  a  \ 


It  can  be  seen  that  By{  —  z)  =  By(z).  The  devi¬ 
ation  of  particles  in  the  x  direction  is  determined 
by  ^  By(z)  dz  =  4 Ia/cR.  The  deviation  in  the 
field  of  a  conductor  pair  is  twice  this: 

By(z)  dz  =  Sla/cR. 

The  field  at  the  axis  from  arc  <p2  —  (pi  at  radius 
R  with  current  /  is 

IRz  ,  .  . 

BU)  =  c  {R2  +  z2)3/2  (sm  <P2  -  sin  cp i) 

IRz 

B(z)=  ~  c  (R2  +  zW  (COS  92  ~  C0S  <p  ' 

Both  components  are  odd  functions  of  z  and 
upon  integration  yield  zero,  providing  no  contribu¬ 
tion  to  deflection  of  particles.  Arcs  serve  to  locate 
the  straight  sections  at  the  required  azimuth  (A), 
permitting  correction  simultaneously  of  Bx  and  Br 
The  angle  (azimuth)  at  which  it  is  necessary  to 
turn  the  pair  of  anti-parallel  currents  is  found 
from  conditions:  Ic  sin  A  =  —  Px,  Ic  cos  A  —  —  Py, 
i.e.,  tan  A  =  Px/Pr 
The  length  of  the  generatrices  is 

cR 


I 


z  +  a 
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Fig.  3.  Field  curves:  (a)  By  of  a  pair  generatrix  currents;  (b)  By  of  a  pair  of  arcs;  (c)  Bx  of  a  pair  of  generatrix  currents. 


Thus,  the  magnetic  field  of  anti-parallel  currents 
turned  by  angle  A  corrects  both  components  Bx  and 
By  of  an  undulator  with  an  “abrupt  edge”,  provid¬ 
ing  matching  of  injection  conditions.  Curves  of  the 
magnetic  field  on  axis,  created  individually  by 
a  pair  of  generatrix  segments  and  a  pair  of  arcs 
carrying  current,  are  given  in  Fig.  3  (a-c).  The 
calculated  values  of  parameters  of  straight  seg¬ 
ments  are:  L0  —  0.788  cm  and  A  =  90.9°. 

The  magnetic  field  of  an  undulator  taking  into 
account  the  considered  correction  elements  and 
connecting  semicircle  are  shown  in  Fig.  2  (c  and  d). 
Measured  values  of  magnetic  field  of  the  described 
undulator  are  also  indicated  in  the  figure.  Satisfac¬ 
tory  agreement  exists  between  calculated  and  ex¬ 
perimental  data. 

Calculation  of  the  integral  of  the  fringe  magnetic 
field  showed  that  its  value  does  not  exceed  5%  of 
the  integral  of  the  regular  field  over  a  quarter  of 
a  period.  Parameters  of  the  input  section  for  several 
ratios  of  winding  diameter  to  undulator  period  are 
shown  in  Fig.  4. 

Finally,  the  effect  of  the  bend  in  the  conductor  in 
passing  over  from  the  straight  segment  to  the  arc 
has  been  analyzed.  This  bend  can  be  represented  as 
a  quarter  of  a  circle  with  a  certain  radius.  (The  arc 
was  replaced  by  a  chord  in  calculating  the  field.) 
Accounting  for  the  obtained  field  led  to  shortening 


the  length  of  the  straight  segments  by  2 r,  r  being  the 
bend  radius.  The  azimuthal  angle  A  decreased  by 
1.3°.  The  arc  length  depends  also  on  wire  diameter 
and  its  position  in  the  groove.  This  was  taken 
into  account  in  fabricating  undulator  correcting 
elements. 

3.  Conclusions 

1.  Adiabatic  input,  used  most  widely  in  helical 
undulators,  has  a  number  of  shortcomings. 

2.  The  method  of  forming  by  means  of  a  short 
section  with  winding  according  to  a  given  z(cp)  law 
is  effective  since  the  matching  section  and  field  have 
small  extent  and  do  not  create  undesirable  fringe 
fields.  However,  making  the  groove  and  placing  the 
conductor  in  it  with  the  required  high  accuracy  are 
difficult  to  realize. 

3.  Our  proposed  method  of  forming  a  matched 
input  has  the  following  advantages: 

(a)  The  extent  of  the  input  section  is  least  of  the 
three  considered  methods; 

(b)  Simplicity  of  fabrication; 

(c)  The  possibility  of  using  axial  fields  larger 
than  with  adiabatic  input; 

(d)  Simplicity  in  realization  and  effectiveness  of 
the  method  are  reasons  for  optimism  regarding  its 
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Fig.  4.  Angle  A  (rad)  of  arcs  and  length  of  straight  pieces  in  units  of  undulator  period  (L//0)  as  functions  of  the  ratio  of  winding  diameter 
to  the  period  2 R/l0- 


wide  use  in  FELs.  Calculation  of  parameters  of  the 
input  section  for  several  ratios  of  winding  diameter 
to  undulator  period  show  weak  dependence  on  this 
ratio. 
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Abstract 

The  analytical  formulae  for  field  and  potential  in  a  plane  electrostatic  undulator  with  single-polarity  feed  were  derived 
using  an  original  method  of  summing  infinite  series.  The  system  is  placed  inside  a  zero-potential  metallic  housing  to 
simulate  its  real  use  in  FELs.  Such  a  geometry  allows  a  precise  calculation  of  the  transverse  velocity  of  electrons  and  their 
change  of  energy  when  moving  in  the  undulator.  A  single-polarity  feed  can  be  advantageous  in  permitting  higher  field 
amplitudes,  since  electrical  breakdown  inside  the  undulator  is  excluded,  in  contradistinction  to  opposite-polarity 
(  +  V0>  —  F0)  feed  of  adjacent  conductors  in  usual  designs.  Also  the  housing  can  be  placed  at  a  distance  much  greater 
than  undulator  transverse  dimensions,  thus  hampering  external  discharge.  Some  peculiarities  of  particle  dynamics  and 
regimes  of  FEL  with  such  an  undulator  were  analysed.  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

One  of  the  main  trends  in  FEL  research  and 
development  is  the  elaboration  of  a  compact  device 
for  laboratory  use.  The  greatest  gain  in  this  regard 
is  given  by  reducing  accelerator  energy  and  length 
correspondingly.  For  the  same  radiation  wave¬ 
length,  this  means  reducing  the  undulator  period 
l0  proportional  to  gamma  squared  {y  =  E/m0c2), 
i.e.,  employing  microundulators  with  millimeter 
and  submillimeter  periods  if  the  initial  gamma  ex¬ 
ceeds  10.  Unfortunately,  the  field  amplitude  Bx  falls 
sharply  with  reduced  period  because  of  technical 


*Tel.:  +7-95-132-6300;  fax:  +  7-95-938-2251. 

E-mail  address:  papadich@sci.lpi.ac.ru  (V.A.  Papadichev) 


problems:  in  electromagnetic  undulators  due  to 
current  density  limitation,  in  permanent  magnet 
(PM)  and  hybrid  ones  due  to  difficulties  in  fabricat¬ 
ing  high-quality  thin  plates  of  brittle  PM.  Undulator 
parameter  K  =  (eBJ0)/{2nm0c2)  =  0.934B1(T)/0(cm) 
falls  faster  ( oc  /g),  where  p  =  1.5-2,  resulting,  for 
example,  in  K  =  0.13  for  8-mm-period  and  2  kG 
field  [1]. 

As  will  be  shown  in  Section  4,  electrostatic  un¬ 
dulators  after  some  vacuum  treatment  and  condi¬ 
tioning  can  withstand  fields  up  to  0.5-1  MV/cm 
(equivalent  to  1.5-3  kG  for  relativistic  electron  vel¬ 
ocities).  Thus,  their  use  becomes  expedient  for 
0.1-10  mm  undulator  periods.  Much  simpler 
manufacturing  compared  to  magnetic  undulators 
and  the  small  amount  of  inexpensive  materials  re¬ 
quired  make  their  share  in  total  expenses  for  an 
FEL  negligible. 
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Periodic  electrostatic  systems  of  various  types 
have  been  proposed  for  focusing  electron  beams  in 
RF  generators  (and  later  in  linear  accelerators) 
since  the  late  1930s  [2-8].  A  method  of  obtaining 
Doppler-shifted  high-frequency  radiation  of  rela¬ 
tivistic  electrons  performing  transverse  oscillations 
was  suggested  in  1947  [9]  and  further  developed  for 
magnetostatic  and  electrostatic  undulators  [10]. 
Application  of  relativistic  particle  radiation  in  elec¬ 
trostatic  undulators  for  precise  measurement  of  its 
velocity  was  considered  later  [11,12].  A  proposal  to 
use  electrostatic  undulators  with  large  and  variable 
period  in  storage  rings  for  obtaining  X-ray  radi¬ 
ation  was  published  in  1989  [13,14],  and  a  scheme 
of  a  multichannel  electrostatic  undulator  was  pub¬ 
lished  in  1993  [15].  Field  parameters  were  cal¬ 
culated  in  some  works  using  conformal  mapping, 
but  more  often  the  electric  field  was  presented  only 
as  the  fundamental  harmonic,  and  its  amplitude 
was  not  expressed  through  the  potential  of  undu¬ 
lator  electrodes  of  finite  dimensions,  which  is 
necessary  for  practical  applications.  Detailed 
calculations  of  the  potential  and  the  electric  field  in 
electrostatic  undulators  of  various  types  with  bipo¬ 
lar  feed  were  performed  using  conformal  mapping, 
allowing  one  to  obtain  results  in  a  simple  and 
compact  form  [16-18].  A  single-polarity-feed  un¬ 
dulator  treated  below  may  have  some  advantages 
over  traditional  bipolar  schemes  (see  Section  4). 

Lowering  the  undulator  parameter  K  and  energy 
y  requires  increasing  the  number  of  periods  N  in 
order  to  obtain  the  same  gain  per  pass 
G  « jbK2N3X2y  (A  is  the  radiation  wavelength). 
This  is  possible  if  the  beam  emittance  s  is  small:  the 
maximum  number  of  periods  N  ^  (1  +  K2/ 2)PP\\/ 
(eKyk0j2),  where  /?  =  (1  -  y2)"1/2,  Pn  =  (1  -  1/ 
y2  —  Pl)1/2,  ko  =  2n/l0.  Electron  beams  with  small 
emittance  £^3xlO_77i  m-rad  are  obtained  on 
cold-emission  sources  for  microFELs  [19-23]  and 
electrostatic  accelerators  [1,24],  so  that  electros¬ 
tatic  undulators  could  be  first  tried  there. 

A  periodic  system  of  electrodes  (wires,  foils)  with 
opposite  polarities  of  adjacent  elements  is  used  in 
typical  undulator  schemes  [2-18].  The  highest  field 
values  in  optimal  designs  are  on  the  inward  surface 
of  electrodes  (facing  the  median  plane).  Beam 
motion  can  be  distorted,  leading  to  lower  FEL  gain 
and  even  total  loss  of  the  beam  if  electrical  dis¬ 


charge  occurs  between  electrodes  of  opposite  polar¬ 
ity.  A  single-polarity  feed  excludes  such  a  possibili¬ 
ty  because  no  discharge  can  occur  in  the  beam 
region,  and  one  can  suppress  external  breakdown 
by  increasing  the  vacuum  gap  between  undulator 
and  zero-potential  housing.  The  axial  magnetic 
field  used  for  beam  transport  may  be  also  beneficial 
for  exclusion  of  external  discharges. 

The  design  and  field  calculation  method  for 
a  single-polarity-feed  undulator  differ  from  those  of 
a  typical  bipolar  undulator.  First,  it  is  necessary  to 
shift  one  layer  of  wires  by  a  half-period  relative  to 
the  other  in  order  to  have  nonzero  transverse  field 
in  the  undulator  median  plane.  Second,  simple 
(plane)  surfaces  of  zero  potential  are  outside  the 
working  region,  in  contradistinction  to  the  bipo¬ 
lar-feed  case  [16-18].  Therefore,  it  is  not  possible  to 
isolate  a  single  conductor  in  a  zero-potential  box  of 
simple  form  (orthogonal  parallelepiped)  and  then 
apply  conformal  mapping  by  means  of  well-known 
trigonometric  and  homographic  functions.  An  orig¬ 
inal  method  of  summing  infinite  series  of  electric 
fields  of  a  single  conductor  was  used,  resulting  in 
simple  analytic  expressions  for  field  and  potential. 
They  are  calculated  for  the  entire  region  within  the 
zero-potential  housing.  Formulae  were  obtained 
for  the  field  on  the  electrode  surface  and  in  the 
median  plane,  which  allow  to  optimize  undulator 
design,  calculate  transverse  particle  velocities  and 
oscillation  of  their  energy,  and  assess  focusing 
properties  of  the  undulator.  The  expressions  de¬ 
rived  are  valid  for  circular-cross-section  conductors 
with  arbitrary  (but  periodic)  relative  position. 


2.  Electrostatic  field  and  potential  calculation 

Calculation  is  carried  out  in  two-dimensional 
geometry  using  a  complex  potential  and  field 
(Fig.  1).  The  electric  potential  w(z)  and  field 
E  =  —  idw/dz  of  a  single  infinitely  thin  and  infi¬ 
nitely  long  rectilinear  conductor  piercing  perpen¬ 
dicularly  the  xy-plane  at  a  point  z0  =  x0  +  yo  and 
with  charge  q  per  unit  length  are 

w=  —  2giln(z  —  z0) 

E  =  2 q/(z  -  z0) 
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Fig.  1 .  Geometry  of  an  undulator  with  single-polarity  feed. 


where  z  =  x  +  iy  is  the  point  of  observation, 
i  =  ^/  —  1,  z  =  x  —  iy.  The  electric  field  of  a  system 
consisting  of  two  arrays  of  charged  conductors  in 
planes  y^—b  and  y2—  —  b  at  points 
zlk  =  2 ak  +  i b  and  z2k  =  2ak  +  a  -  ib,  respectively, 
(Fig.  1)  can  be  written  as 


E  =  2q 


1 

z  —  2  ak  +  i  b 


1 

z  —  2  ak  —  a  —  ib 


(2) 


Expanding  cot(nt)  [25]  and  transforming  it,  one 
obtains 


,  x  1  1  “  /  1  1  \ 
COt{nt)  =  nt  +  n£X—k  +  —k) 
=  J_  1  "  1 

~  nt  +  nk)±wt-k 


1 

t  —  k 


(3) 


The  following  expressions  can  be  obtained  after 
simple  transformations: 


E  = 


nq 


cot(  ^  +  bi)  \  +  cotfez  —  a  —  bi) 


2  nq  cos(nz/a) 

a  sin (nz/a)  +  i  sinh(7t6/a) 5 


w(z)  = 


—  i 


Lcdz  =  —  2^iln[sin(7rz/a) 


—  i  sinh(nb/aj]  +  const. 


(4) 


The  constant  is  found  from  the  boundary  condi¬ 
tions:  since  a  small-period  undulator  should  always 
be  placed  inside  a  vacuum  chamber  or  other  device 
at  ground  potential,  we  let  v  =  0  at  planes  y  —  B 
and  y  =  —  B.  This  means  mathematically  sum¬ 
ming  fields  of  an  infinite  number  of  conductor 
layers  (reflections  relative  to  planes  ±  B  with 
charges  —  q  at  y  =  ±  (2  B  ±b  +  4Bk)  and  +  q  at 
y  =  ±  (4 B  +  b  +  4 Bk),  where  k  —  1,2,3, ...  .  Peri¬ 
odic  components  of  the  potential  and  field  evanesce 
exponentially  with  distance.  It  is  sufficient  therefore 
to  add  only  fields  of  the  two  nearest  pairs  of  layers 
and  require  separately  that  vdc  =  0  at  y  =  ±B  for 
a  direct  component  of  the  potential. 

One  needs  to  obtain  the  inverse  function  z(w), 
then  put  v  =  v 0  and  use  parametric  dependencies 
x(u,v0)  and  y(u,v0)  on  u  to  draw  equipotentials.  The 
problem  can  be  simplified  keeping  in  mind  the 
more  rapid  attenuation  of  higher  harmonics  with 
distance  from  a  layer:  It  is  sufficient  that  only  the 
direct  component  and  the  first  harmonic  be  zero  at 
y  =  ±  B.  The  potential  in  this  case  is 


w  = 


—  2qi  In 


sin(7t  z/a)  —  i  smh(nb/a) 
A[i  +  a  sin(7rz/a)] 


(5) 


where  a  represents  the  sum  of  small  linear  terms  of 
sin(nz/a)  from  reflections  gathered  in  the  denomin¬ 
ator  in  order  to  get  a  linear  equation  for 
sin(nz/a)  =  f(w)  and  then  z  =  (a/n)  arcsin(f(w)): 


z  = 


a 

-  arcsm 
n 


.  Aeiw/2q  +  sinh(7tfr/a) 
1  1  -  a/te1"'2’ 


(6) 


A  and  a  are  derived  by  putting  v  —  0  at  y  =  B  and 
solving  a  pair  of  coupled  equations  (the  first-order 
expansion  term  of  the  minor  root  of  oc  was  taken): 


a  =  2  sinh(nb/a)/lcosh(2nB/a)  +  cosh(2nb/a)  —  1]; 

A  —  y/[cosh(2nB/a)  +  cosh(27ih/a)  —  l]/[2  +  oc2cosh{2nB/a)]  .  (7) 
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It  is  convenient  for  practical  use  of  the  obtained 
formulae  to  put  the  potential  v  =  V0  at  the  conduc¬ 
tor  surface  (at  the  point  x  =  0,  y  =  yc  <  b)  and  find 
an  expression  for  q  for  substituting  it  in  w(z)  and 
E(z): 


q=  —  (F0/2)/ln 


sinh(nb/a)  —  sinh(7tyc/a) 
A(1  +  a  sinh(7ryc/<3) 


w(z)  =  F0iln 


imp 


sin(7Ez/a)  —  i  sinh(nb/a) 
A(1  +  asinh(7rz/a) 


smh(nb/a)  —  sinh(7iyc/<3) 
^4(1  +  a  sinh(7rj/c/a) 


(8) 


Equipotentials  are  shown  in  Figs.  2(1)  and  (II)  and 
3  for  b  =  a,  B  =  2b  and  1.5 b,  respectively.  The  correc¬ 
tion  factor  inside  the  undulator  is  1  —  cosh2(nb/a)/ 
cosh2(nB/a)  «  1,  and  one  can  let  a  =  0  in  most 
practically  important  cases  when  B  >  2b.  Electric 


Fig.  3.  Magnified  map  of  equipotentials  near  the  median  plane: 
Fig.  2.  Equipotentials:  (I)  for  b  =  a,  B  =  2b,  V0  =  1  (conductor  V0  =  1  at  conductors,  the  equipotential  nearest  to  the  conduc- 

potential),  Av  =  0.1  V0;  (II)  for  b  =  a,  B  =  1.5 h,  V0  =  1,  tor  is  at  v  =  0.6F0,  step  Av  =  0.02Fo,  b  =  a,  B  =  1.5 b  (as  in  Fig. 

Av=0.1Vo.  2-II). 
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field  in  the  median  plane  is 


3.  Beam  focusing  and  energy  spread 


E  =  E0 


cos(nx/a) 

sin(nx/a)/sm\\(nb/a)  +  i 


a  sinh(7tfr/a)  cos(nx/a) 
otsin(nx/a)  +  i 

nVp  I 
a  sinh(nb/a)  / 


In 


smh(nb/a)  —  smh(nyja) 
A(  1  +  a  sinh(7iyc/a)) 


(9) 


Harmonic  content  (normalized  to  the  fundamental) 
is  the  same,  if  ot  «  0,  as  in  the  bipolar-feed  undula- 
tor  [3]. 

The  field  on  the  electrode  surface  can  be  cal¬ 
culated  by  putting  v  =  V0  or  v  —  0  (housing)  in 
E(w).  Calculation  of  the  absolute  value  \E\  =  y/EE 
reveals  the  most  stressed  points.  The  field  value  can 
be  lowered  then  by  reshaping  the  undulator.  Fig.  4 
gives  an  example  of  the  |E|  distribution  on 
electrodes. 


Orbital  motion  in  a  plane  electrostatic  undula¬ 
tor,  as  opposed  to  a  magnetic  one,  is  in  the  plane  of 
the  undulator  field.  Betatron  oscillations  are  also  in 
the  same  plane.  They  are  due  to  field  increase  when 
nearing  a  conductor  and  orbit  undulation.  Since 
orbital  velocities  are  not  large,  px0  =  v10/c  ^0.01, 
the  natural  undulator  focusing  may  be  insufficient 
(the  betatron  oscillation  period  lp  =  y/2l0/p10)  and 
external  focusing  may  be  necessary.  Both  an  axial 
magnetic  field  and  transverse  magnetic  quadru- 
pole/sextupole  focusing  are  compatible  with  an 
electrostatic  undulator.  When  B (|  ^0,  electrons 
move  along  field  lines  performing  slow  azimuthal 
drift  in  the  transverse  plane  [26].  Betatron  oscilla¬ 
tions  occur  in  both  transverse  directions  if  =  0 
and  focusing  along  both  transverse  coordinates  is 
ensured. 

Transverse  movement  along  undulator  electric 
field  is  connected  with  particle  energy  change.  Or¬ 
bit  amplitude  a0  =  /?10/0/(2tc/?||)  is  very  small  (mi¬ 
crometers  for  /0  =  1  mm,  /?xo  =  0.01),  so  energy 
oscillations  have  a  negligible  amplitude  of  about 
5  eV.  It  should  be  noted  that  even  much  greater 


Fig.  4.  Absolute  value  of  electric  field  (normalized  to  field  amplitude  in  the  median  plane)  on  the  conductor  surface  (u  =  V0)  and  inner 
surface  of  the  housing  (u  =  0). 
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amplitudes  could  not  affect  FEL  performance, 
since  they  do  not  cause  slow  oscillation  of  /?n  (only 
a  DC  component  and  the  second  harmonic  of  the 
fundamental  are  present). 

Slow  ‘betatron’  oscillations  could  be  more  harm¬ 
ful.  Change  of  energy  in  this  case  can  be  calculated 
using  a  magnified  map  of  equipotentials  near  the 
median  plane  (Fig.  3).  It  can  be  written  as 
y  =y0  +  Ay  cos 2(/c/Jz),  where  kp  =  2%/lp  (lp  is  the 
slow  oscillation  period).  The  example  in  Fig.  3 
shows  that  energy  variation  AE  =  0.5  keV  and 
A y/y  =  8  x  10“ 4  for  an  electron  energy  of  100  keV 
and  3  x  10-4  for  1  MeV  (undulator  period  1  mm, 
applied  voltage  V0  =  10  kV).  The  longitudinal  ve¬ 
locity  spread  in  a  beam  occupying  a  half  of  the 
vertical  aperture  A/?|(//?u  =  (Ay/y)/(jSfjy2)  is 
«  1.4  x  10" 3  and  4.2  x  10" 5  for  the  above  electron 
energies,  which  seems  to  be  acceptable.  One  obtains 
N  <  125  for  the  permissible  number  of  periods 
when  E  =  100  keV  and  N  <  660  when  E  =  1  MeV. 
Thus  the  fastest  electron  does  not  outstrip  the  syn¬ 
chronous  (slowest)  ones  in  the  beam  more  than  2/2 
at  the  end  of  the  undulator,  and  they  cannot  absorb 
energy  from  light.  Using  such  ‘long’  (125  and  660 
mm)  undulators  more  than  compensates  for  the 
small  K.  The  spread  of  ft\\  in  the  beam  caused  by 
transverse  velocity  of  betatron  oscillations  is  also 
not  large:  A/?M//?n  <  2  x  10-4  for  a  beam  diameter 
equal  to  a  half  of  a  geometrical  aperture. 

It  should  be  noted  that  electrons  acquire  or  lose 
energy  entering  the  undulator  (approximately  by 
eV0)  depending  on  voltage  sign,  but  this  can  be 
easily  taken  into  account. 

4.  Comparison  of  electrostatic  and  magnetic 
microundulators 

Reducing  the  period  of  a  magnetic  undulator 
leads,  unfortunately,  to  lowering  its  field  amplitude. 
It  is  connected  with  current  density  limitation  in 
coils  (windings)  of  electromagnetic  undulators:  in 
scaled  devices  By  oc  Iw/g  oc  jSJg  oc  jll/l0  oc;70, 
where  Iw  is  ampere-turns,  g  the  gap,  j  the  current 
density,  Sw  the  coil  cross-section  area,  and  l0  the 
undulator  period.  This  is  true  for  DC  (supercon¬ 
ducting  or  not)  and  pulsed  undulators.  The  field 
limit  is  about  0.7  T  for  8-mm-period  SC  devices 


with  iron  (one  should  expect  0.2  T  for  a  3-mm 
period)  [27,28].  1  T  was  achieved  in  an  ironless 
pulsed  undulator  with  a  5-mm  period  [29-31].  It 
functioned  near  the  creep  limit  of  a  current-carry¬ 
ing  conductor  caused  by  nonuniform  current  distri¬ 
bution  and  local  overheating.  Thus,  the  repetition 
rate  and  total  number  of  pulses  were  limited  and 
some  difficulties  arose  with  field  amplitude  repro¬ 
ducibility  [31]. 

One  could  expect  that  scaled  decrease  of  dimen¬ 
sions  of  a  permanent-magnet  undulator  should  not 
change  its  field  amplitude  since  the  equivalent  am¬ 
pere-turns  of  a  PM  are  proportional  to  the  period 
l0  (not  /q  as  for  an  electromagnetic  one).  But  due  to 
the  inferior  quality  of  thin  PM  plates,  the  undulator 
field  amplitude  in  fact  decreases  with  lower  undula¬ 
tor  period  [1,32-34]. 

The  only  type  of  magnetic  undulator  in  which 
the  field  amplitude  should  be  independent  of  its 
period  is  one  proposed  in  Ref.  [35],  a  so-called 
solenoid-derived  type.  Axial  field  created  by  a  sol¬ 
enoid  is  redistributed  by  a  periodic  structure  of 
small  iron  blocks  with  a  staggered  array,  and  the 
magnetic  field  topography  should  be  the  same  inde¬ 
pendent  of  device  scale.  1  T  transverse  field  was 
attained  in  a  1-cm-period  device.  The  precision  of 
manufacturing  must  be  very  high  in  small-period 
undulators;  possible  corrections  of  field  distortions 
will  be  hampered  by  the  small  size  of  parts.  The 
technology  of  manufacturing  such  microundula¬ 
tors  is  yet  to  be  developed.  One  of  the  drawbacks  of 
such  undulators  is  that  the  resulting  transverse 
magnetic  field  is  tightly  tied  with  the  axial,  and  one 
can  change  the  former  independently  of  the  latter 
only  by  precisely  varying  the  gap.  A  pulsed  undula¬ 
tor,  based  on  the  same  principle  but  with  smaller 
field  0.3  T  for  /0  =  6  and  2  mm  gap  was  realized 
[36].  The  lower  field  was  partly  due  to  a  necessity 
(because  of  skin-effect)  to  use  laminated  blocks 
made  of  transformer  steel,  which  has  worse  mag¬ 
netic  parameters  than  Vanadium  Permendur  used 
for  the  DC  case. 

A  similar  principle  is  used  when  homogeneous 
axial  field  is  restructured  by  eddy  currents  in  metal¬ 
lic  periodic  systems  [37,38].  The  magnetic  field  is 
pulsed  in  this  case,  and  the  pulse  duration  should 
be  proportional  to  /§  in  scaled  devices.  The  ratio 
BJB\\  can  be  changed  within  some  limits  by 


V.A.  Papadichev  /  Nuclear  Instruments  and  Methods  in  Physics  Research  A  429  (1999)  377-385 


383 


varying  the  pulse  length.  Usually,  ratios  attained 
are  0.2-0. 3  (much  less  than  for  iron  structures  in 
DC  field). 

Thus,  extrapolating  the  existing  experimental  data 
on  most  widely  used  magnetic  undulators  (excluding 
the  solenoid-derived  type)  to  a  1-mm  period,  one 
could  expect  field  amplitudes  of  about  1  kG. 

Electrostatic  undulators  are  much  simpler  and 
inexpensive  in  design  and  manufacturing.  One  can 
employ  widely  used  and  elaborate  techniques  of 
optical  mechanics,  so  undulator  periods  up  to 
dozens  of  micrometers  look  realizable.  The  main 
problem,  it  is  generally  believed,  is  the  very  low 
attainable  field  amplitude.  Careful  analysis  of  the 
recent  state  of  vacuum  insulation  shows  that  this  is 
not  the  case. 

Electrostatic  undulators  are  usually  considered 
being  fed  by  bipolar  voltage.  DC  and  pulsed  re¬ 
gimes  can  be  used,  and  both  are  discussed  below. 
The  merits  and  demerits  of  the  single-polarity-feed 
undulator  are  also  analysed  for  both  regimes. 

The  theoretical  breakdown  limit  of  a  vacuum 
gap  is  set  by  the  Fowler-Nordheim  law  as  the 
electric  field  strength  when  sharp  rise  of  field  emis¬ 
sion  current  begins.  It  is  about  7  x  109  V/m  for 
a  ‘perfect’  vacuum  gap,  i.e.,  with  very  even  and  clean 
surface  of  electrodes  made  of  specific  metals,  heated 
and  conditioned  in  ultra-high  (10“8-10“9  mbar) 
vacuum  [39].  Prebreakdown  current  starts  usually 
at  microtips  where  local  microfield  is  several  times 
(sometimes  dozens)  greater  than  average  macro¬ 
field  in  the  gap. 

The  best  materials  for  electrodes  are  stainless 
steel,  titanium  and  molybdenum;  the  worst  -  cop¬ 
per  and  nickel.  Breakdown  is  usually  initiated  at 
microtips  and  surface  nonhomogeneities  (dielectric 
and  foreign  metal  inclusions,  microparticles  on  the 
surface),  so  electrodes  should  be  conditioned 
(treated  in  situ)  after  polishing,  washing  and  out- 
gassing  by  baking  in  situ  at  UHV.  It  is  aimed  to 
‘burn  out’  nonhomogeneities  and  remove  or  blunt 
microtips  in  a  mild  manner  so  as  not  to  create  new 
ones.  Several  procedures  are  used  [39,40]: 

•  current  conditioning:  current  is  increased  in 
small  steps  and  prebreakdown  current  is  allowed 
to  stabilize  at  each  stage  before  proceeding  to  the 
next; 


•  glow-discharge  conditioning:  AC  discharge  is  in¬ 
duced  in  He  at  10“ 3— 10-2  mbar  pressure; 

•  gas  conditioning:  Ar  at  10" 3  mbar  fills  a  vacuum 
chamber  and  prebreakdown  current  (i.e.  50  pA) 
flows  at  high  voltage  (20  kV); 

•  Spark  conditioning:  electric  polishing  by  means 
of  short  pulses  of  high  voltage  and  current,  etc. 

DC  field  strength  of  (1-2)108  V/m  (0.3-0.7  T)  can 
be  attained  with  small  surface  electrodes  after  con¬ 
ditioning  [39,40].  A  breakdown  threshold  of 
1.3  x  108  MV/m  was  attained  experimentally  with 
steel  electrodes  and  0.25-mm  gap  at  10“ 6  mbar 
vacuum  with  oil  pumping;  108  V/m  was  sustained 
during  more  than  1  h  without  breakdown  [41]. 
Magnetic  insulation  cannot  be  employed  directly 
(by  applying  axial  magnetic  field)  in  a  bipolar-feed 
undulator  because  the  electric  field  on  electrodes  is 
in  all  directions  in  the  axial  plane  perpendicular  to 
the  conductors,  and  both  fields  would  be  parallel  in 
the  axial  gap  between  adjacent  conductors.  Pulsed 
electric  fields  of  the  same  order  can  be  applied, 
since  breakdown  time  for  small  gaps  is  rather  short 
(less  than  1  ps).  Thus,  108  V/m  can  be  taken  as 
a  breakdown  limit  for  bipolar-feed  electrostatic  un¬ 
dulators  which  have  inevitably  small  gaps 
«  Zo/3  -  loft. 

The  single-polarity-feed  undulator  has  four  ad¬ 
vantages  over  the  bipolar  one:  (1)  no  breakdown  in 
working  region  can  occur,  (2)  a  large  gap  between 
conductors  under  high  voltage  and  a  grounded 
shield  can  be  used,  (3)  a  beneficial  effect  of  the  sign 
of  the  electrode  voltage  with  higher  electric  field 
can  be  exploited  and  (4)  magnetic  insulation  can  be 
employed  by  applying  an  axial  magnetic  field. 

Since  breakdown  is  usually  initiated  at  microtips 
and  also  influenced  by  the  total  voltage  effect,  the 
breakdown  voltage  Vb  is  not  proportional  to  the 
electrode  separation  d ,  but  more  likely  to  d0’6. 
Nevertheless,  increasing  the  distance  from  1  to  100 
mm  (as  in  the  case  of  a  single-polarity-feed  undula¬ 
tor),  one  could  gain  a  factor  of  10  in  Vh. 

If  the  electric  field  is  nonhomogeneous,  a  positive 
voltage  on  the  electrode  with  higher  field  results  in 
higher  breakdown  voltage  than  with  negative.  For 
a  point-plane  system  the  difference  can  reach  a  fac¬ 
tor  of  three.  An  anode  field  of  up  to  109  V/m  does 
not  influence  breakdown  voltage,  occurring  at 
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a  nearly  constant  cathode  field  of  109  V/m  [40]. 
The  electric  field  of  a  small-diameter,  short  undula- 
tor  structure  falls  as  r~2  (like  that  of  a  sphere)  or  as 
r-1  in  a  coaxial  geometry.  Thus,  the  field  on  the 
chamber  walls  (cathode)  may  be  10  -30  times  less 
than  that  on  the  undulator. 

Magnetic  isolation  can  be  applied  to  prevent 
prebreakdown  currents  to  evolve  to  full  breakdown 
(with  plasma  formation,  photo-  and  secondary  elec¬ 
tron  and  ion  emission,  etc.).  It  was  studied  up  to 
now  in  a  pulsed  regime  [42,43].  A  2xl08  V/m 
macroscopic  electric  field  was  achieved  in  a  5-mm 
gap  during  100  ns  in  the  first  experiment  with 
large-area  electrodes  (more  than  1  m2).  Insulation 
was  insured  by  current  self-magnetic  field.  Gap 
closure  was  caused  by  plasma  jets.  5  x  108  V/m  was 
obtained  in  the  second  experiment  [43],  where  ad¬ 
ditional  external  magnetic  isolation  was  used.  One 
can  hope  that  for  much  larger  gaps,  much  smaller 
electrode  area  and  closed  drift  orbits  of  electrons 
plasma  formation  will  be  considerably  hampered, 
and  its  expansion  with  much  lower  density  and 
velocity  will  not  be  harmful,  resulting  in  much 
longer  voltage  pulses  (or  even  suppressed  break¬ 
down  in  the  DC  regime). 

Taking  the  above  into  account,  one  can  hope  to 
reach  on  the  electrodes  an  electric  field  strength  of 
(3-6)  108  V/m  (equivalent  to  1-2  T  for  relativistic 
electrons)  for  a  single-polarity-feed  undulator.  It  is 
better  to  feed  it  by  positive  polarity,  placed  in  the 
center  of  a  medium-diameter  (20-40  cm)  vacuum 
chamber  and,  perhaps,  immersed  in  an  axial  mag¬ 
netic  field.  Pulsed  regimes  may  be  preferable,  allow¬ 
ing  higher  fields.  The  energy  required  is  small  due 
to  small  capacitance  of  undulator  structure  relative 
to  the  grounded  chamber  (  «  10  pF).  Of  course  the 
pulses  should  have  the  same  repetition  rate  and  be 
phased  with  electron  beam  macropulses. 

Calculated  maximal  field  strength  for  a  single- 
polarity-feed  undulator  with  a  1-mm  period  gives 
E0  =  0.3  MV/cm  (1  kG)  for  the  median  plane, 
Ec  =  0.36  MV/cm  at  zero-potential  chamber  walls 
and  Evo  =  1  MV/cm  at  charged  conductor  external 
surface.  The  following  parameters  were  used: 
B  =  2a  =  /0  =  1  mm,  V0  =  36  kV,  b  =  a/ 3  =  0.17 
mm,  aperture  2 yc  =  a/3  =  0.17  mm.  Increasing  the 
distance  to  chamber  walls  would  lead  to  higher 
voltage  in  the  planar  case:  B  =  50  mm  would  re¬ 


quire  V0  ~  1.8  MV  to  retain  the  same  field  strength 
in  the  median  plane.  Small  transverse  dimensions  of 
the  undulator  ( «  l0)  insures  rapid  field  decrease 
( oc  r~\  like  in  the  coaxial  geometry)  and  a  lower 
applied  voltage  and  chamber-wall  field  compared 
to  the  planar  case:  V0  —  170  kV  (still  too  high), 
E0  =  0.3  MV/cm,  Ec  «  8  kV/cm,  Evo  —  1  MV/cm. 
The  helical  undulator  corresponds  to  lower 
B  «  2b  -  yc  =  a/1  and  requires  3  times  lower  volt¬ 
age.  Proportionally  lower  voltage  can  be  used  for 
smaller  periods  if  0.3  MV/cm  (1  kG)  is  enough  for 
an  FEL.  Otherwise,  one  can  have  up  to  1  T  (break¬ 
down  limit)  for  smaller  period  and  higher  voltage. 

Of  course,  experimental  studies  are  necessary 
in  a  geometry  more  suitable  for  FEL  undulator 
application,  as  well  as  optimization  of  undulator 
parameters. 


5.  Conclusion 

•  Electrostatic  undulators  can  be  of  simple  design 
and  inexpensive  to  manufacture.  They  may  have 
a  higher  field  than  magnetic  undulators  for  mil¬ 
limeter  and  submillimeter  periods.  Decrease  of 
the  undulator  parameter  K  can  be  compensated 
(to  have  the  same  gain)  by  increasing  the  number 
of  periods  up  to  103  if  beams  with  small  emit- 
tance  and  energy  spread  are  used.  The  total  un¬ 
dulator  length  does  not  exceed  300-600  mm. 
Electrostatic  accelerators  and  cold  emission 
microsources  are  the  first  devices  to  be  tried  with 
electrostatic  undulators. 

•  Electrostatic  undulators  permit  using  axial  mag¬ 
netic  field  which  is  often  employed  for  beam 
generation  and  transport. 

•  External  focusing  by  transverse  magnetic  field 
can  be  used  if  necessary. 

•  Single-polarity-feed  undulators  could  allow 
higher  field  amplitudes  since  there  is  no  dis¬ 
charge  inside  the  undulator,  and  external  break¬ 
down  to  zero-potential  housing  can  be  prevented 
by  using  a  larger  gap,  auxiliary  magnetic  field, 
etc. 

•  Schemes  to  get  higher  FEL  effectiveness  can  be 
more  easily  realized:  compensation  of  beam  en¬ 
ergy  loss  at  the  end  of  the  undulator,  field  ampli¬ 
tude  profiling,  partial  conditioning,  etc. 
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•  Longitudinal  velocity  spread  in  the  beam  due  to 
transverse  inhomogeneity  of  potential  and  field  is 
small  and  should  not  have  any  influence  on  FEL 
performance. 

•  The  analytical  methods  developed  in  this  report 
can  be  applied  for  calculation  of  any  electrostatic 
undulator  with  conductors  of  circular  cross- 
section  (single-polarity  or  bipolar,  multichannel, 
etc.) 
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Abstract 

The  field  of  the  undulator  for  the  VUV-FEL  at  the  TESLA  Test  Facility  has  to  meet  very  tough  tolerances  in  order  to 
guarantee  a  close  overlap  between  the  electron  beam  and  the  laser  field.  Consequently  the  undulator  was  designed  to 
have  height-adjustable  poles  in  order  to  allow  for  fine  tuning  of  the  vertical  undulator  field  in  such  a  way  that  the 
trajectory  is  straightened.  The  signature  of  local  pole  height  and  gap  changes  on  the  field  distribution  was  investigated.  It 
was  seen  that  changes  are  not  restricted  to  the  pole  itself.  Its  effect  can  be  seen  up  to  the  next  eight  neighboring  poles.  In 
this  contribution  we  describe  an  algorithm  in  detail,  which  allows  the  prediction  of  required  pole  height  changes  in  order 
to  correct  for  field  errors.  As  input  data  field  errors  deduced  from  precise  magnetic  field  measurements  are  used  together 
with  the  signatures  of  pole  movements.  A  band  diagonal  system  of  linear  equations  has  to  be  solved  to  obtain  the  pole 
height  corrections.  For  demonstration  of  the  method  the  field  of  the  0.9  m  long  prototype  structure  was  optimized  to 
have  a  straight  trajectory.  Since  only  a  sparse  band  diagonal  system  of  equations  has  to  be  solved,  the  method  has  the 
potential  to  be  used  in  very  long  undulators  having  600  -1000  poles.  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Undulator;  Electron  beam;  Laser  field 


1.  Introduction 

At  DESY  in  Hamburg  a  Free  Electron  Laser 
(FEL)  for  the  VUV  spectral  range  down  to  6.4  nm 
using  the  principle  of  self  amplified  spontaneous 
emission  (SASE)  [1,2]  is  under  construction.  It  will 
use  the  electron  beam  generated  by  the  TESLA  test 
facility  (TTF)  [3,4]  and  will  be  built  in  two  stages 
which  are  described  in  detail  in  Refs.  [3,5].  The 
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complete  undulator  system  has  a  maximum  length 
of  about  30  m.  It  is  a  fixed  gap  structure  and  is 
described  in  detail  in  Refs.  [6-9].  Table  1  repro¬ 
duces  its  magnetic  parameters.  The  device  is  a  com¬ 
bined  function  undulator  which  integrates  two 
functions.  First,  it  provides  the  sinusoidally-shaped 
undulator  field  so  that  the  FEL  process  can  take 
place.  Second,  an  alternating  gradient  field  of  about 
±  20  T/m  for  the  FODO  lattice  which  is  superim¬ 
posed  to  the  undulator  field  is  generated. 

The  magnetic  design  was  chosen  to  combine  the 
following  properties: 

1.  It  is  a  completely  planar  structure,  which  allows 
for  very  good  access  to  the  field  region  at  the 
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Table  1 

Undulator  parameters  for  the  undulator  for  the  VUV-FEL  at 
the  TESLA  Test  Facility 


Gap  (fixed)  (mm) 

12 

Period  length  (mm) 

27.3 

Undulator  peak  field  (T) 

0.5 

K-parameter 

1.27 

Design  gradient  (T/m) 

18.3 

Number  of  poles  per  undulator  module 

327 

Total  length  per  module  (mm) 

4492.2 

Length  of  FODO  quad  section  (mm) 

136.5 

FODO  period  length  (m) 

0.9555 

Number  of  FODO  periods  per  module 

5 

Separation  between  undulator  modules  (m) 

0.2853 

beam  position  allowing  for  high  accuracy  field 
measurements  as  well  as  an  easy  installation  of 
the  vacuum  chamber  without  breaking  of  any 
magnetic  circuits. 

2.  The  gradient  can  be  as  large  as  «  20  T/m. 

3.  The  exact  value  and  the  precise  location  of  the 
quadrupole  axis  is  fine  tunable. 

4.  Undulator  and  focusing  fields  are  decoupled. 
This  means  that  on  the  quadrupole  axis  the  sign 
and  magnitude  of  the  field  gradient  has  no  influ¬ 
ence  on  the  undulator  field  and  vice  versa. 

The  magnetic  fields  of  undulators  for  SASE 
FELs  have  to  meet  tough  specifications  [10].  Care¬ 
ful  optimization  and  fine  tuning  of  an  undulator  is 
required  after  it  has  been  assembled.  Two  steps  are 
planned.  First  the  “naked”  undulator,  i.e.,  the  un¬ 
dulator  without  the  focusing  magnets  will  be  mea¬ 
sured  and  optimized  in  such  a  way  as  to  obtain 
a  straight  trajectory  in  the  horizontal  and  vertical 
plane.  In  the  horizontal  plane  the  height  adjustable 
poles  will  be  used  to  obtain  an  optimum  By  field 
distribution.  In  the  vertical  plane  field  errors  are 
not  expected  to  be  serious.  Good  sorting  of  the 
magnets  using  simulated  annealing  will  minimize 
residual  error  fields  [11]  in  any  case.  Small  remain¬ 
ing  field  errors  can  be  treated  using  very  few  suit¬ 
able  shims. 

In  a  second  step  the  focusing  magnets  will  be 
attached  and  their  strength  as  well  as  the  exact 
position  of  quad  centers  will  be  fine  tuned  as  de¬ 
scribed  in  Ref.  [12]. 

This  contribution  deals  with  the  tuning  of  the 
By  field  of  the  “naked”  undulator.  A  numerical 


procedure  which  allows  the  prediction  of  pole  ad¬ 
justments  to  obtain  a  straight  trajectory  from  pre¬ 
cise  magnetic  measurements  was  developed  and  is 
described  in  detail. 


2.  Magnetic  measurements,  experimental 

The  new  12  m  long  bench  was  used  to  character¬ 
ize  the  magnetic  performance  of  the  prototype 
structure.  It  provides  sufficient  mechanical  accu¬ 
racy  for  the  magnetic  measurements  of  the  com¬ 
bined  function  undulator  for  the  FEL  at  the  TTF. 
Measurements  could  be  performed  with  both  high 
spatial  and  high-field  resolution.  For  the  field 
measurements  the  resolution  is  given  by 
A B/B  =  5  x  10" 4,  the  spatial  resolution  of  the  en¬ 
coder  system  is  1  pm. 

The  magnetic  measurements  presented  in  this 
contribution  were  made  on  a  0.9  m  long  prototype 
of  the  undulator  for  the  VUV-FEL  with  the  same 
parameters  as  in  Table  1.  The  pole  heights  of  this 
structure  can  be  adjusted  by  tuning  hex  screws  by 
an  estimated  ±  0.5  mm.  The  screws  having  a  0.7 
mm  pitch  act  on  the  poles  under  an  angle  of  60°  so 
that  there  results  a  3.9  pm  pole  height  change  for 
a  rotation  angle  of  1°  on  the  tuning  screws.  The 
tuning  screws  were  actuated  manually  using  special 
hex  keys  with  degree  scales.  Due  to  backlash  be¬ 
tween  hex  keys  and  the  screws  as  well  as  to  stick 
effects  and  elasticity  in  the  150  mm  long  key  it  was 
estimated  that  the  screws  could  be  adjusted  with  an 
accuracy  of  about  ±  5-10°  leading  to  a  relative 
inaccuracy  of  the  pole  heights  of  about  20-40  pm. 


3.  Description  of  the  method 

The  idea  for  the  error  control  by  pole  height 
adjustment  is  simple:  Error  fields  are  determined  by 
means  of  precise  magnetic  measurements.  Precise 
knowledge  of  the  influence  of  pole  height  changes 
on  the  field  distribution,  the  so-called  signature, 
can  be  obtained  from  magnetic  measurements. 
Then  an  algorithm  may  be  used  to  calculate  the 
required  pole  shifts,  which  minimize  these  errors. 
Similar  approaches  has  been  reported  by  Stoner 
and  Bekefi  [13]  who  calculated  shunt  impedances 
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to  optimize  the  peak  field  homogeneity  of  a  pulsed 
electromagnetic  short  period  undulator  and  Ram- 
ian  et  al.  [14,15]  who  describe  a  robotic  system 
which  is  able  to  fine  tune  the  peak  field  of  PM 
undulator  systems.  Due  to  the  measurement  tech¬ 
niques  applied,  only  the  peak  field  was  optimized  in 
Refs.  [13-15].  In  contrast,  the  goal  of  this  work  was 
to  optimize  the  complete  trajectory.  The  treatment 
needs  some  assumptions  and  conventions,  which 
are  described  below.  In  a  first  step  the  error  field  on 
each  pole  is  determined  by  the  ‘‘deviation”  from  the 
ideal  field.  Each  pole  is  characterized  by  one  num¬ 
ber,  the  mean  field  deviation,  which  is  the  deviation 
averaged  over  the  half  period  length  of  that  pole  at 
its  nominal  position.  We  tried  two  different  ways  to 
determine  the  deviation  from  the  ideal  field: 

1.  Applying  a  X  filter,  which  means  convoluting  the 
magnetic  field  data  with  a  square  function  of 
width  X,  the  period  length.  In  this  way  all  the 
information  with  periodicity  X/n  (n  =  1,2, ... )  is 
removed  from  the  data  and  only  nonperiodic 
perturbations  are  left  over.  The  convolution 
however  smoothes  the  data  and  smears  out  spa¬ 
tial  information  over  one  period  length. 

2.  Alternatively,  we  tried  various  harmonic  fits  to 
the  data  up  to  order  1 1  to  determine  the  periodic 
content  and  subtracted  it  from  the  field  to  obtain 
the  deviation.  This  method  gives  noisier  data, 
but  preserves  spatial  information. 

Both  methods  were  compared  and  gave  compara¬ 
ble  results.  Fig.  1  demonstrates  the  steps  in  the  case 
of  the  application  of  a  X  filter.  Fig.  1(a)  shows  the 
field  distribution  of  the  upper  structure  half  of  a 
0.9  m  long  prototype  structure.  One  pole,  #  37,  has 
been  detuned  on  purpose  to  demonstrate  how  it 
shows  up  in  the  analysis.  In  Fig.  1(b)  the  X  filter  has 
been  applied  to  the  data  of  Fig.  1(a).  The  perturba¬ 
tion  applied  on  pole  #  37  is  now  very  clearly  vis¬ 
ible.  The  large  excursion  at  the  ends  is  an  artifact  of 
the  X  filter.  This  region  therefore  has  been  excluded 
from  the  analysis.  Fig.  1(c)  finally  shows  the  assign¬ 
ment  of  the  field  errors  to  the  poles.  The  endpole 
region  has  been  excluded.  Spatial  information  is 
smeared  out  and  the  perturbation  of  pole  #  37  has 
now  been  split  up  on  the  next  nearest-neighboring 
poles  as  well.  This  is  the  input  data  to  calculate  the 
pole  height  adjustment. 


Fig.  1.  Example  for  generation  of  the  error  fields  on  the  poles  for 
the  upper  structure  half.  The  field  was  measured  6  mm  below  the 
poles  of  the  upper  structure  half  at  the  nominal  beam  position  at 
12  mm  gap.  (a)  Field  data,  pole  #37  has  been  detuned  on 
purpose  to  demonstrate  the  effect,  (b)  After  application  of  the 
2-filter.  The  large  end  excursion  at  the  ends  is  an  artifact  of  the 
2-filter,  (c)  Average  error  field  at  the  poles.  Due  to  the  convolu¬ 
tion,  the  adjustment  is  now  smeared  out  over  next  nearest- 
neighbors.  This  is  clearly  seen  at  pole  #37.  The  end  region  has 
been  excluded. 


In  the  second  step  we  assume  a  linear  relation¬ 
ship  between  the  movement  of  a  pole  and  the  per¬ 
turbation  induced  at  any  other  pole.  This  is  an 
assumption  which  only  holds  for  small  pole  shifts  of 
a  few  tenth  of  a  millimeter.  We  assume  an  undula¬ 
tor  consisting  of  N  identical  poles.  Poles  near  the 
ends  again  have  to  be  excluded,  since  due  to  the 
truncation  they  cannot  be  considered  as  identical 
with  poles  well  inside  the  undulator.  Excluding  the 
outermost  4-5  poles  was  found  to  be  sufficient  to 
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neglect  both,  artifacts  from  the  X  filter  and  trunc¬ 
ation  effects  as  well. 

We  are  interested  in  the  field  change  Sj  on  a  pole 
with  index  j  if  another  pole  with  index  i  is  moved  by 
an  amount  p{.  In  order  to  get  the  total  field  change 
on  pole;  one  has  to  sum  over  all  contributions  from 
poles  i.  The  Sj  may  be  interpreted  as  minus  the  field 
change  on  pole  j  which  is  required  to  obtain  a  per¬ 
fect  undulator  field. 

These  considerations  lead  to  the  following  linear 
system  of  equations: 

51  =a0-p1  +  a1‘p2  +  a2'P3  +  •••  +  fli-rp* 

+  ***  +  %- 1  * Pn 

52  =  a- l‘Pl  +  tto'Pl  +  al  'P3  +  **’  +ai-2’Pi 

+  •••  +  aN-2'pN 

53  =  a-2‘Pi  +  fl-rP2  +  «0*P3  +  ***  +  Cti-3'Pi 

+  ■■•  +  aN-3-pN 


Sj  =  fli-j-pi  +  a2-j'p2  +  a*-j'P3  +  —  +  di-j-pi 
+  •••  +  aN~j‘pN 


SN  =  a1-N’pl  +  a2-N'P2  +  d3-N‘p3 
+  +  fli-jv* Pi  +  +  &o  ‘Pn- 

The  strength  of  the  “interaction”  is  characterized 
by  the  coefficients  am  where  m  =  i  —  j.  These  am  co¬ 
efficients  are  the  response  of  a  pole  shift  pt  on  the 
field  change  Sj  on  pole  j  normalized  by  the  pole 
shift  p^  Their  dimension  is  therefore  [T/mm].  The 
assumption  of  identical  poles  is  reflected  in  the  fact 
that  they  depend  only  on  the  difference  i  —  j  and 
are  assumed  to  be  the  same  for  all  poles.  The 
coefficients  am  have  been  determined  experi¬ 
mentally  by  measuring  the  response  of  the  mag¬ 
netic  field  to  a  known  pole  shift  (0.5  mm)  of 
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Fig.  2.  Normalized  response  of  a  pole  shift  of  the  central  pole 
#  34  of  the  upper  magnet  structure.  Dotted  line:  Measured 
difference.  Full  line:  Average  field  on  the  poles. 

a  known  pole  (pole  #  34,  the  central  pole  at  X  =  0.) 
of  the  upper  structure  half  of  the  prototype  struc¬ 
ture.  In  Fig.  2,  the  effect  of  this  pole  shift  is  shown 
(dotted  line).  The  full  line  shows  the  average  field  on 
the  poles  in  the  vicinity  of  pole  #  34.  The  index  m  is 
indicated.  Under  the  pole  itself  there  is  the  stron¬ 
gest  effect,  but  up  to  the  next  four  neighbors  there  is 
a  measurable  effect  with  opposite  sign.  Integrated 
over  all  neighbors  this  sign  change  eats  up  a  con¬ 
siderable  amount  of  the  correction  of  the  pole  itself. 
The  shape  of  the  dotted  curve  is  that  of  a  dipole 
layer  of  magnetic  surface  charges  brought  on  the 
pole. 

It  is  seen  that  the  interaction  on  both  sides  are 
very  similar  so  that  the  assumption  dm  =  d-m  holds. 
We  assume  the  same  interaction  for  all  poles  so  that 
the  coefficient  generated  from  pole  #34  are  also 
valid  for  all  other  poles.  It  is  also  seen  that  it  is 
sufficient  to  treat  only  the  four  next  nearest-neigh- 
bors.  For  larger  distances  the  correction  becomes 
negligibly  small.  The  linear  system  of  equations  is 
therefore  greatly  simplified.  Below  and  above  the 
main  diagonal  there  are  only  four  side  diagonals 
which  have  to  be  considered.  Using  a  specialized 
equation  solver  for  band  diagonal  systems  of  equa¬ 
tions  reduces  numerical  effort  and  also  minimizes 
memory  requirements  dramatically.  Large  pole 
numbers  can  be  treated  at  moderate  effort  on  a  PC. 
Up  to  1000  poles  have  been  tried  in  simulations. 
Even  larger  numbers  may  be  possible. 
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There  is  no  fundamental  difference  if  a  structure 
half,  i.e.  the  top  or  bottom  structure  of  an  undula- 
tor  or  a  full  magnet  structure  with  closed  gap  is 
optimized.  Only  the  am  coefficients  are  different  and 
have  to  be  determined  for  both  cases  in  the  proper 
way  as  described  above.  This  means  that  for  struc¬ 
ture  halves  the  signature  of  a  single  pole  movement 
has  to  be  evaluated  and  in  the  case  of  a  closed  gap 
the  poles  in  the  upper  and  lower  structure  have  to 
be  moved  simultaneously  resulting  in  a  local  gap 
change. 

For  the  prototype  structure  it  was  found  very 
helpful  to  separately  optimize  the  two  structure 
halves  first  and  to  do  the  final  fine  tuning  with  the 
gap  closed  to  the  nominal  position  in  a  second  step. 
This  second  step  needs  only  minor  additional  ad¬ 
justments. 

4.  Results 

The  0.9  m  long  prototype  structure  was  used  to 
test  the  optimization  procedure.  Again  only  the 
upper  structure  was  used.  The  field  was  measured 
6  mm  below  the  poles  corresponding  to  the  nom¬ 


inal  electron  beam  location  with  respect  to  the 
upper  structure  at  a  12  mm  gap.  The  resulting 
second  field  integral  distribution  from  four  iter¬ 
ation  steps  are  shown  in  Fig.  3.  The  resulting  elec¬ 
tron  beam  excursion  can  be  calculated  by 

z  (jam)  =  587/y  J2  (Tmm2) 

=  0.3 J2  (Tmm2)/£Ki„  (GeV) 

where  y  is  the  kinetic  electron  energy  divided  by  the 
electron’s  rest  mass  energy.  Emphasis  was  put  on 
a  straight  trajectory  in  the  undulator  itself.  It  is  seen 
in  Fig.  3  that  the  endpoles  are  not  adjusted  proper¬ 
ly.  This  is  of  minor  importance  in  this  context  since 
they  are  easily  adjustable  and  they  can  be  tuned  to 
result  in  a  straight  trajectory  before  and  after  the 
undulator.  It  is  seen  that  within  a  few  Tmm2  no 
deviations  can  be  seen  corresponding  to  sub  mi¬ 
crometer  beam  excursions.  A  full  structure  with  12 
mm  gap  results  in  twice  the  field.  The  field  integral 
deviations  in  this  case  therefore  will  be  twice  as 
large.  For  each  iteration  step  the  error  fields  were 
calculated  and  the  resulting  pole  height  adjust¬ 
ments  were  calculated.  A  computer  printout  was 
generated  containing  the  pole’s  number  and  the 
amount  of  adjustment  needed  on  that  pole.  The 
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Fig.  3.  Demonstration  of  the  optimization  of  the  upper  structure  half  in  three  iteration  steps.  The  second  field  integral  is  shown  which  is 
proportional  to  the  beam  excursion.  At  300  MeV  which  will  be  used  for  Phase  I  10  Tmm2  corresponds  to  10  pm  beam  excursion. 
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amount  of  adjustments  was  much  larger  in  the  first 
optimization.  For  the  last  iteration  step  needed 
only  very  little  correction  was  needed. 

5.  Limitations,  accuracy 

The  quality  of  the  optimization  is  influenced  by 
three  factors 

1.  the  accuracy  of  the  field  measurements, 

2.  the  accuracy  of  the  coefficients  am, 

3.  the  accuracy  of  the  pole  height  adjustment. 

The  measurements  accuracy  was  conservatively  es¬ 
timated  to  be:  A B/B  =  5  x  10-4.  In  practice  it  may 
even  be  better. 

Inaccurate  coefficients  am  influence  the  conver¬ 
gence  of  the  procedure  more  than  the  accuracy  of 
the  result,  which  means  that  more  iterations  are 
needed  to  get  the  optimized  result. 

The  main  source  of  error  is  the  modest  accuracy 
of  local  pole  height  adjustment.  +  5-10°  of  angu¬ 
lar  accuracy  leading  to  an  estimated  inaccuracy  of 
the  pole  height  of  ±  20-40  pm  which  in  turn  leads 
to  a  field  error  of  about  0.3-0.6%.  This  is  by  far  the 
dominant  contribution.  To  improve  the  accuracy  of 
pole  height  adjustment  one  has  to  measure  these 
changes  directly  using  a  suitable  dial  gauge  with 
micrometer  resolution  instead  of  just  counting  the 
tuning  screw  angle.  This  improvement  is  underway. 
With  this  moderate  effort  it  should  be  possible  to 


reduce  the  pole  height  adjustment  error  to  5-10  pm 
or  better  so  that  this  contribution  amounts  to  less 
than  0.075-0.15%. 
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Abstract 

A  new  type  of  helical  wiggler  consisting  of  two  staggered-iron  arrays  inserted  into  a  solenoid  field  has  been  developed. 
The  field  measured  by  a  test  wiggler  showed  linear  increment  with  the  period.  It  was  seen  that  24%  of  the  solenoid  field 
contributed  to  the  induced  wiggler  field  when  the  gap  length  and  the  period  of  the  wiggler  were  16  and  24  mm, 
respectively.  This  wiggler  would  be  useful  for  an  FEL  with  a  low-energy  electron  beam  propagating  in  a  strong  axial 
guiding  field.  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 


1.  Introduction 

For  a  free  electron  laser  (FEL)  using  a  low- 
energy  electron  beam,  we  have  studied  a  planar 
wiggler  in  which  a  staggered-iron  array  was  put 
into  a  solenoid  field.  This  kind  of  wiggler  has  also 
been  experimentally  studied  by  using  an  array  of 
ferromagnetic  material  [1,2].  The  electron  beam  in 
a  planar  wiggler  with  a  solenoid  field  diverges  in  the 
direction  of  V2?w  x  B0 ,  where  Bw  is  the  wiggler  field 
and  B0  is  the  solenoid  field  vector.  This  phenom¬ 
enon  introduces  electron  beam  loss  into  the  drift 
tube  wall  [3,4].  It  occurs  more  remarkably  when 
the  electron  is  closer  to  the  magnetic  pole  face 
because  of  the  high  gradient  of  the  field  of  Bw. 
Therefore,  a  sheet  electron  beam  is  favourable  to 
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prevent  such  drift  motion.  There  is,  otherwise,  an¬ 
other  idea  that  two  parallel  currents  at  both  sides  of 
the  electron  beam  flow  along  the  wiggler  axis. 
These  currents  work  as  an  equivalent  quadrupole 
magnet  to  focus  the  electron  beam.  If  a  helical 
wiggler  is  adopted,  these  currents  will  not  be  re¬ 
quired  because  of  its  focusing  power  on  an  electron 
beam. 

In  this  work,  we  have  investigated  a  helical  wig¬ 
gler  consisting  of  two  staggered-iron  arrays  in¬ 
serted  perpendicular  to  each  other  in  a  solenoid 
field.  A  pair  of  staggered  iron  blocks  is  arranged 
spirally  along  the  axis  of  the  solenoid  field.  The  field 
is  induced  between  them  and  it  rotates  by  an  angle 
of  90°  every  quarter  period  along  the  wiggler  axis. 
At  first  glance  one  might  think  that  this  kind  of 
helical  wiggler  would  not  create  a  strong  wiggler 
field  because  of  the  leakage  field  between  neighbor¬ 
ing  iron  blocks  which  is  higher  than  that  for 
a  planar  wiggler.  Therefore,  we  constructed  and 
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compared  experimentally  both  helical  and  planar 
wigglers  using  staggered-iron  blocks.  The  ratio 
(<7W0)  of  induced  wiggler  field  to  solenoid  field  in¬ 
creased  with  the  period  (2W)  for  both  wigglers.  Al¬ 
though  the  field  of  the  helical  wiggler  was  less  than 
that  of  the  planar  one  with  increasing  periods, 
crwo  was  almost  same  for  both  wigglers  with  a  peri¬ 
od  of  about  20  mm  and  the  field  was  also  adequate¬ 
ly  strong.  These  results  suggest  the  use  of  this 
design  as  a  practical  helical  wiggler  for  a  micro- 
wave-FEL  (FEM). 

2.  Structure  of  the  wiggler 

The  structure  of  the  wiggler  is  shown  in  Fig.  1. 
The  axial  field  B0  is  created  by  a  copper  solenoid 
coil  wound  (3371  turns)  on  a  bobbin  of  a  copper 
tube  (diameter  =  50  mm,  length  =  1270  mm).  The 
designed  field  is  3  kG  for  the  coil  current  if  100  A. 
The  staggered-iron  array  is  constructed  by  iron 
blocks  (FA  and  FB)  and  nonmagnetic  spacers  (SA) 


(L) 

Fig.  2.  A  pair  of  iron-blocks:  FA  and  FB  (unit:  mm). 

which  are  installed  between  the  drift  tube  (SUS304) 
and  brass  retainer  frame  as  shown  in  Fig.  1(a).  Two 
sets  of  them  are  aligned  on  x-z  and  y-z  planes, 
respectively,  as  shown  in  Fig.  1(b)  and  (c).  The 
phases  between  these  arrays  differ  by  a  quarter  of 
a  period.  The  detailed  dimensions  of  an  iron  block 
is  shown  in  Fig.  2.  The  helical  wiggler  field  is 
induced  between  every  pair  of  staggered  iron 
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Fig.  3.  Test  helical  wiggler  consisting  of  two  staggered-iron- 
arrays. 


blocks.  Typical  period  and  gap  length  in  this  work 
are  24  and  16  mm,  respectively.  The  period  is,  fur¬ 
thermore,  changed  by  the  insertion  of  iron,  and 
nonmagnetic  spacers.  In  this  work,  we  selected  pe¬ 
riods  of  24,  36  and  48  mm.  Fig.  3  shows  a  test 
wiggler  with  the  period  Xw  =  24  mm  and  period 
number  Nw  =  10. 

3.  Field  measurement  of  the  wiggler 

The  magnetic  field  was  measured  using  a  Hall 
element  with  an  active  region  of  1.8  mm  0.  In 
order  to  analyze  the  precise  distribution  of  the 


Fig.  4.  Induced  wiggler  field  distributions  measured  for  the  wiggler  (gap  length  /G  =  16  mm,  2W  =  24  mm,  JVW  =  10). 
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wiggler  field  (Bwx  and  PW)(),  the  Hall  element  was  set 
at  the  center  of  a  cylindrical  retainer  made  of  brass 
block  whose  diameter  was  slightly  less  than  that  of 
the  drift  tube.  The  retainer  was  moved  smoothly 
with  the  Hall  element  inside  the  drift  tube  along  the 
wiggler  axis. 

When  the  coil  current  was  10  A,  the  axial  field 
B00  of  324  G  was  reduced  to  B0  =  320  G  upon  the 
installation  of  staggered-iron  arrays.  The  induced 
wiggler  field  distributions  of  Bwx  and  Bwy  are 
shown  in  Fig.  4(a)  and  (b),  respectively,  for  the 
wiggler  with  a  period  of  24  mm.  z  =  0  means  the 
starting  position  where  the  initial  iron  blocks  were 
arranged.  It  is  seen  that  the  field  forms  a  homo¬ 
geneous  helix.  The  dependence  of  the  wiggler  field 
on  the  period  is  shown  in  Fig.  5.  Solid  and  dotted 
lines  show  the  results  for  helical  and  planar  wig- 
glers,  respectively.  It  should  be  noted  that  the  size 
of  iron  blocks  in  the  planar  wiggler  is  different  from 
Fig.  2;  W  -  20,  L  —  5.5,  and  T  —  1.5  mm.  It  is 
observed  that  the  field  and  aw0(  =  BJB00)  increase 
almost  linearly  with  period  of  the  wiggler.  This 
phenomenon  is  explained  by  the  magnetic  resist¬ 
ance  which  increases  linearly  between  the  neigh¬ 
boring  iron  blocks  in  z  direction  with  increasing 
period.  The  field  of  the  helical  wiggler  is  lower  than 
that  of  the  planar  wiggler  due  to  the  higher  leakage 
field.  However,  for  both  the  wigglers  with  a  short 
period  to  ~  20  mm,  the  fields  are  almost  the  same. 
If  the  coil  current  of  the  solenoid  is  increased  to 
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Fig.  5.  Dependencies  of  wiggler  field  £w  and  induction  ratio 
<jw0  on  period  Aw.  ( B00  —  324  G). 


100  A,  one  expects  to  obtain  an  axial  field  of 
B0  =  3.2  kG  ( B00  =  3.24  kG)  and  helical  wiggler 
field  of  Bw  =  760  G  (crw0  =  24%)  for  the  period  of 
24  mm.  These  fields  seem  adequate  for  an  FEL 
using  an  electron  beam  with  an  energy  lower  than 
1  MeV. 


4.  Parameter  survey  for  FEM 

As  is  well  known,  the  electromagnetic  wave  of  an 
FEL  grows  through  the  coupling  between  the 
modes  of  the  slow  space  charge  wave  and  an  elec¬ 
tromagnetic  waveguide  [5-7].  The  axial  velocity  of 
an  electron  is  estimated  from  the  constant  axial 
velocity  solution  to  give  steady  state  orbits  for  an 
electron  [3]. 

In  this  study,  the  behavior  of  an  FEM  was 
analyzed  under  the  conditions  of  B0  =  3  kG, 
Bw  =  750  G,  2W  =  24  mm,  Nw  =  30  for  the  wiggler 
and  Ih  =  100  mA,  rb  =  3mm,  Eh  —  305-400  keV, 
A y/y  =  0.01  for  the  electron  beam.  The  frequency  of 
the  FEM  was  estimated  to  vary  from  19.6  to 
44.2  GHz  depending  on  Eb,  by  the  3D  theory  [8] 
for  orbit  I  and  TEn  waveguide  mode.  The 
small  signal  gain  was  calculated  as  12.8%  for  an 
electron  beam  with  Eh  =  400  keV  (power 
Ph  =  40  kW)  from  the  ordinary  FEL  gain  formula 
[9].  The  saturation  power  is,  therefore,  330  W  ac¬ 
cording  to  the  relation  of  Psat  =  Ph/4NW.  If  the 
noise  power  is  assumed  to  be  P0  =  1  pW,  this  satu¬ 
ration  power  will  be  accomplished  in  163  round 
tips  of  scattered  radiation  between  two  resonator 
mirrors. 


5.  Conclusions 

A  solenoid-induced  helical  wiggler  with  four 
poles  per  period  has  been  developed.  From  the 
magnetic  field  measurement  using  a  short  test  wig¬ 
gler,  an  axial  field  of  3.2  kG  and  a  wiggler  field  of 
750  G  will  be  expected  when  the  staggered-iron 
arrays  with  period  of  24  mm  are  inserted  into  a  sol¬ 
enoid  field  of  3.24  kG.  This  type  of  helical  wiggler  is 
considered  to  be  useful  for  an  FEM  using  a  low- 
energy  electron  beam. 
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Abstract 

In  recent  years,  a  number  of  systematic  studies  have  been  carried  out  on  the  design  and  R&D  aspects  of  X-ray 
free-electron  laser  (XRFEL)  schemes  based  on  driving  highly  compressed  electron  bunches  from  a  multi-GeV  linac 
through  long  (30  m  -  100  +  m)  undulators.  These  sources,  when  operated  in  the  self-amplified  spontaneous  emission 
(SASE)  mode,  feature  singularly  high  peak  output  power  densities  and  frequently  unprecedented  combinations  of 
phase-space  and  output-parameter  values.  This  has  led  to  correspondingly  pivotal  design  challenges  and  opportunities 
for  the  optical  materials,  systems,  components,  and  experimental  configurations  for  transporting  and  utilizing  this 
radiation.  In  this  paper  we  summarize  the  design  and  R&D  status  of  the  X-ray  optics  section  of  the  SLAC  Linac 
Coherent  Light  Source  (LCLS),  a  1.5  Angstrom  SASE  FEL  driven  by  the  last  kilometer  of  the  SLAC  3-kilometer  S-band 
linac.  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  X-ray  optics  design  studies;  Linac  coherent  light  source;  SASE;  XRFEL 


1.  Introduction 

In  recent  years  a  notable  direction  in  FEL  source 
development  has  been  toward  ever-decreasing  X- 
ray  wavelengths  [1,2].  Proposed  or  developing  de¬ 
signs  have  included  amplifiers  and  oscillators  based 
both  on  storage  rings  and  microtrons,  as  well  as 
single-pass  amplifiers  driven  by  linacs.  Of  all  these, 
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the  latter  currently  appear  to  offer  the  greatest 
flexibility  and  range  in  temporal  pulse  parameters, 
as  well  as  the  highest  attainable  peak  powers.  To 
date,  a  number  of  design  and  R&D  studies  have 
been  conducted  or  are  in  progress  [3-8]  on  linac- 
driven  XRFEL  schemes  based  on  driving  low  emit- 
tance,  high  current  electron  bunches  through  long 
undulators  to  attain  gain  saturation  in  either  the 
self-amplified  spontaneous  emission  (SASE)  or  co¬ 
herent  amplifier  (CA)  modes  [9-13].  The  output 
parameters  of  these  devices  feature  peak  powers  in 
the  10-100  GW  range,  full  transverse  and  low-to- 
moderate  longitudinal  coherence,  pulse  durations 
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in  the  50-500  fs  range,  pulse  repetition  rates 
ranging  from  ~  102  to  as  high  as  ~  108  Hz,  broad 
spontaneous  continua  with  integrated  powers  com¬ 
parable  to  or  greater  than  the  coherent  output, 
potentially  flexible  polarization  parameters,  and  in¬ 
tense  bremsstrahlung  and  secondary-particle 
spectra.  These  unique  (and  often  unprecedented) 
combinations  of  optical  source  properties  have,  in 
turn,  highlighted  correspondingly  demanding  re¬ 
quirements,  as  well  as  innovative  design  opportuni¬ 
ties,  on  optical  systems,  instrumentation,  and 
components  for  processing  these  pulses  for  scient¬ 
ific  or  technological  applications  [14]. 

Over  the  period  1996-1998,  a  directed  design 
study  of  the  X-ray  optica]  system  for  the  SLAC 
LCLS,  a  proposed  1.5-15  A  FEL  driven  by  the  last 
kilometer  of  the  SLAC  3  kilometer  S-band  linac, 
has  been  carried  out  at  the  Stanford  Linear  Accel¬ 
erator  Center.  This  effort,  part  of  a  more  general, 
funded  study  of  a  complete  LCLS  R&D  facility  [7], 
has  included  modeling  and  theoretical  investiga¬ 
tions  of  the  source  properties  of  the  LCLS,  develop¬ 
ment  of  designs  for  its  overall  optical  system  and 
beam  line  layouts,  and  the  initiation  of  directed 
R&D  studies  of  selected  optical  components,  in¬ 
strumentation,  and  ultra-short-pulse  radiation/ 
matter  interactions.  In  this  paper  we  present  an 
overview  and  summary  of  the  current  status  of 
these  activities. 


2.  Optical  transport  and  experimental 
facility  layouts 

The  radiation  emanating  from  the  LCLS  consists 
of  three  basic  types:  (1)  the  coherent  spectral  lines 
(the  FEL  fundamental  and  its  harmonics);  (2)  the 
ordinary  spontaneous  insertion  device  spectrum; 
and  (3)  a  very  broad  bremsstrahlung  and  second¬ 
ary-particle  spectrum  consisting  of  gamma  rays, 
neutrons,  muons,  and  other  particles  with  energies 
bounded  by  the  maximum  operating  energy  of  the 
LCLS  (5-15  GeV).  All  three  types  of  radiation 
emerge  more  or  less  co-terminously  with  the  high- 
energy  electron  bunch  that  drives  their  production. 
The  primary  function  of  the  undulator-to-experi- 
mental-area  section  of  the  LCLS  is  to  deflect  the 
electron  beam  away  from  the  (predominantly  neu¬ 


tral)  radiation,  dump  it,  and  then  pass  the  radiation 
on  through  a  system  of  spectral-angular  filters 
whose  function  is  to  transport  either  the  spontan¬ 
eous  or  coherent  undulator  photons  to  the  experi¬ 
mental  end  stations  while  suppressing,  as  much  as 
possible,  the  transmission  of  the  bremsstrahlung 
component  and  any  secondary  noise  generated  by 
it. 

Apart  from  the  performance  of  these  critical 
functions  [15],  the  current  design  of  the  optical 
system  and  its  component  layouts  was  predicated 
on  a  number  of  additional  factors.  These  include: 
(1)  handling  of  ultrashort  X-ray  pulses  of  unprece¬ 
dented  peak  power  density;  (2)  a  spectral  range  of 
the  FEL  coherent  lines  (0.9-8.5  keV  in  the  funda¬ 
mental  and  up  to  25  keV  in  the  3rd  harmonic)  that 
requires  the  use  of  both  specular  (for  the  full  spec¬ 
tral  range)  and  crystal  (for  X  <  3-5  A)  optics;  (3)  the 
consequent  necessity  of  unobstructed  high- vacuum 
transport  through  to  the  experimental  areas,  with 
ultra-high  vacuum  (UHV)  environments  for  se¬ 
lected  specular  instrumentation;  (4)  the  require¬ 
ment  of  separating  the  spontaneous  synchrotron 
radiation  (SR)  spectrum  (extending  out  to  1  + 
MeV  at  15  GeV)  from  the  coherent  lines,  and  (5)  the 
provision  of  a  basic  set  of  spectral-angular  filtering 
functions.  A  plan-view  layout  of  the  LCLS  undula- 
tor-to-experimental-area  transport  system,  which 
has  been  designed  to  address  or  incorporate  these 
basic  requirements  [16]  is  shown  in  Fig.  1.  A  side- 
view  layout  detailing  the  currently-assigned  locations 
of  the  major  components  is  shown  in  Figs.  1  and  2. 

In  approaching  the  question  of  mitigating  poten¬ 
tial  damage  to  the  optical  components,  experi¬ 
mental  samples,  and  instrumentation,  two 
approaches  were  explored.  The  first,  incorporated 
into  the  depicted  design,  is  a  gas  (or  liquid)  attenu¬ 
ation  cell.  Its  purpose  is:  (1)  to  attenuate  the  LCLS 
power  to  levels  manageable  by  ordinary  optics, 
allowing  for  the  initial  characterization  of  the 
LCLS  output  with  conventional  instrumentation; 
and  (2)  to  provide  a  continuous  transition  to  power 
densities  at  which  meaningful  research  on  the  inter¬ 
action  of  LCLS-type  pulses  with  matter  can  pro¬ 
ceed.  In  this  regard,  the  cell  itself  constitutes  an 
appropriate  physical  system  for  performing  initial 
studies  of  this  type.  The  second  approach,  a  long 
beam  line  (up  to  ~  800  m),  has  also  been  assessed 


0  2  4  5  meters 


Fig.  2.  Detailed  layout  (elevation  view)  of  electron  beam  dump  line  and  the  X-ray  optics  system  components  in  the  LCLS  undulator-to- 
experimental-area.  (1)  Undulator  exit;  (2)  electron  beam  dump  magnets;  (3)  vacuum  valve;  (4)  Differential  Pumping  Section  (DPS); 
(5)  vertical  X-ray  slits;  (6)  horizontal  X-ray  slits;  (7)  absorption  cell;  (8)  absorption  cell  radiation  enclosure;  (9)  beam  shutter; 
(10)  mirror  tank;  (11)  crystal  tank;  (12)  crystal  beam  line  end  station;  (13)  specular  beam  line  end  station. 
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and  may  be  incorporated  into  a  future  phase  of  the 
LCLS  R&D  or  user  facility  design. 

3.  LCLS  X-ray  optics  design  studies:  overview 

An  overview  of  an  initial  block  representation  of 
the  LCLS  X-ray  optics  system  depicting  some  of 
the  basic  features  that  have  driven  the  present  de¬ 
sign  and  selected  R&D  studies  is  shown  in  Fig.  3. 
These  efforts  have  centered  on  a  number  of  subject 
areas,  including:  (1)  source  modeling  and  descrip¬ 
tion  of  the  coherent,  spontaneous,  and  bremsstrah- 
lung  output  radiation;  (2)  transport  of  the  coherent 
and  spontaneous  source  properties  from  the  undu- 
lator  to  the  experimental  stations;  (3)  transport  and 
suppression  of  bremsstrahlung  and  bremsstrah- 
lung-generated  noise;  (4)  peak  power  density  damage, 
and  damage  mitigation  issues;  (4)  instrumentation 


principles  and  design,  including  short-pulse  effects; 
(5)  novel  optics;  and  (6)  experimental  design. 

4.  Source  and  radiation  transport  studies 

A  basic  goal  of  the  LCLS  X-ray  optics  design  and 
R&D  efforts  is  to  provide  a  detailed  and  reliable 
description  of  the  source  radiation.  Although 
a  large  body  of  literature  exists  wherein  idealized 
SASE  or  CA  systems  have  been  analyzed  or 
simulated  [9-13,17-23],  it  appears  evident  that  fur¬ 
ther  work  based  on  more  realistic  electron  beam 
and  insertion  device  modeling  will  be  required.  For 
example,  the  peak  output  characteristics  of  the  two 
limiting  cases  of  the  LCLS  listed  in  Table  1  are 
based  on  idealized  beam  distributions  and  optimal 
transport  and  field  error  assumptions.  In  fact,  more 
detailed  studies  have  indicated  that  the  inclusion  of 


LCLS  Undulator-To-Experiment  Diagnostic  and  Experimental  Capabilities 


FEL/Particle  Beam  Science  X-Ray  Optics  X-Ray  Science 


Fig.  3.  Functional  diagram  of  selected  experimental  and  diagnostic  capabilities  under  study  for  the  SLAC  LCLS  X-Ray  Optics  system. 
Dashed  borders  denote  systems  not  implemented  in  the  present  (near-term)  design. 
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Table  1 

Optical  and  source  parameters  of  the  LCLS.  Undulator 
K  —  3.67.  Nu  —  3300  periods.  Undulator  period  2U  =  3  cm 


0 

Radiation  wavelength  (A) 

1.5 

15 

Norm,  emitt.  ys  (mm-mrad) 

1.5 

2.0 

Electron  energy  (GeV) 

14.  35 

4.54 

Peak  current  (A) 

3400 

3400 

Bunch  duration  (fs ,  FWHM) 

277 

277 

Peak  spontaneous  power  (GW) 

81 

4.9 

Peak  coherent  power3  (GW) 

9 

11 

Average  coherent  powerb  (W) 

0.31 

0.35 

Energy/pulse  (mJ) 

2.5 

0.64 

Coherent  photons/pulse  ( x  1012) 

1.9 

23 

Approx.  Bandwidth  (BW)  (%) 

0.1 

0.1 

Peak  brightness®  ( x  1032) 

12 

1.48 

Peak  degeneracy  parameter  (xlO9) 

3.3 

412 

Average  brightness®  ( x  1021) 

40 

4.9 

Transverse  size  (pm,  FWHM)® 

78 

93 

Divergence  angle  (prad,  FWHM)® 

1 

8 

Spontaneous  fundamental  opening  angle 

4.9 

15.5 

(prad,  FWHM) 

Spontaneous  fundamental 

82 

131 

transverse  size  (pm,  FWHM) 

Peak  power  density  (W/mm2)d  (xlO12) 

1.88 

1.62 

Peak  field  (V/m)d(xl0,fl) 

3.8 

3.5 

“Output  fully  transversely  coherent 
bAt  120  Hz  pulse  rep  rate 
cPhotons/s/mm2/nirad2/0.1  %Bw 
dAt  undulator  exit 

more  realistic  versions  of  these  and  other  effects 
[7,24]  could  substantially  affect  the  listed  peak 
brightness,  B ,  and  other  associated  parameters.  To 
illustrate,  we  recall  the  definition  of  B  as  the  photon 
energy  density  in  a  phase  space  with  dimensions 
x,  x'(  =  d x/dz),  y,  y'{  =  dy/dz),f  and  t.  This  space 
contains  two  intersecting  distributions  of  electrons 
and  photons,  which  are  related  through  an  associ¬ 
ation  between  each  mode  of  the  radiation  field  and 
the  electron  (or  electron  structure)  generating  it.  As 
a  result,  the  phase  space  statistics  of  the  radiation 
can  be  characterized  by  the  statistics  of  the  electron 
distribution  concatenated  with  the  corresponding 
mode  parameters.  A  unique  aspect  of  the  SLAC 
LCLS  is  that  the  radiation  field  is  partitioned  into 
a  large  number  of  causally  unconnected  longitudi¬ 
nal  regions  (“slippage  lengths”),  each  of  which  con¬ 
tains  a  further  aggregate  of  independent  modes,  of 
an  average  length  on  the  scale  of  the  “cooperation 
length”  (  ~  Nuj 1/10,  where  iVu  is  the  number  of 
undulator  periods).  This  partitioning  precludes  the 


self-consistent  treatment  of  the  complete  electron 
and  radiation  distributions  as  two  statistically  ho¬ 
mogeneous  interacting  systems.  The  photon  distri¬ 
bution  is  in  fact  a  longitudinal  array  of  a  large 
number  of  independent  sub-distributions,  each  of 
which  must  be  assigned  an  independent  set  of  stat¬ 
istical  parameters  for  consistency.  Thus,  indexing 
the  slippage  lengths  by  i  and  the  modes  within  each 
slippage  length  by  j\  one  is  led  to  a  specification  of 
the  brightness  more  detailed  than  the  one  typically 
presented,  viz., 

J 5  _ ^ Aphot(ij))7 (A'tjj') _ 

"  <rifj>  <Axy>  <Ax',>  <Ay0.)  <A/»/0 

(1) 

Here  the  brightness  is  interpreted  as  an  average 
brightness  corresponding  to  the  radiation  distribu¬ 
tion  projected  onto  an  observation  plane.  In  this 
picture  the  probability  density  functions  (pdfs)  of 
the  projected  distribution  are  each  the  convolution 
of  the  corresponding  indexed  pdfs  along  the  bunch 
(the  phase  space  (say,  x  —  x')  area  of  an  indexed 
region  is  given  by  ^Ax^Ax'^,  where,  say,  Ax  is  the 
standard  deviation  of  the  concatenated  x-positions 
of  the  electrons  and  photons).  This  phase  space 
description  also  provides  a  natural  formalism  for 
describing  the  variation,  or  correlation,  of  the  dis¬ 
tributions’  statistical  moments  vs.  2  (or  t),  informa¬ 
tion  which  is  expected  to  be  of  critical  importance 
to  instrumentation  designers  and  users  of  LCLS 
radiation.  Given  the  description  represented  by  Eq. 
(1),  a  number  of  effects  that  can  substantially  dilute 
the  brightness  cited  in  Table  1  can  be  identified 
(e.g.,  wakefield-induced  gradients  in  fij9  correspond¬ 
ing  “chirps”  induced  in  the  other  phase-space  vari¬ 
ables  by  chromatic  electron  optics,  mode  splitting, 
etc.).  In  view  of  this,  the  projected  performance 
charts  of  the  LCLS  (see  Fig.  4)  explicitly  indicate  an 
expected  range  of  variation  in  the  brightness  as 
a  consequence  of  some  of  these  effects. 

For  purposes  of  the  design  study,  a  fairly 
comprehensive  set  of  calculations  of  the  far-field 
spontaneous  spectra  and  normal-incidence  power 
density  distributions  from  a  zero-emittance  beam 
in  an  idealized  (error-free)  LCLS  undulator  were 
performed  (e.g.,  cf  Figs.  5  and  6).  These  idealizations 
were  justified  by  the  purpose  of  the  calculation, 
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Wavelength  (nm) 


Photon  Energy  (kev) 


Fig.  4.  Comparative  peak  and  average  brightness  curves  contrasting  the  LCLS  with  alternative  existing  or  funded  quasi-coherent 
sources. 


viz.,  to  provide  maximal  estimates  of  peak  power 
loading  on  the  LCLS  optical  elements.  Nonethe¬ 
less,  more  realistic  calculations  [8,25,26]  will 
be  required  for  more  refined  simulations  of 
power  loading,  as  well  as  for  instrumentation  de¬ 
sign  and  experimental  applications.  In  particular, 
the  present  location  of  the  LCLS  optics  is  well 
within  the  near-field  radiation  zone  of  the  undulator, 
which  transmits  spectral-angular  distributions  sub¬ 
stantially  different  from  those  of  the  far  field  [27]. 

Analytical  estimates  and  numerical  simulations 
of  bremsstrahlung  generation  along  the  linac- 
through-undulator  system  and  its  transport 
through  the  X-ray  optics  into  the  experimental  hall 
were  carried  out  [7,28-32].  These  calculations  have 
been  used  to  verify  that  adequate  personnel  and 
equipment  radiation  safety  should  be  implemen- 
table  using  conventional  design  practices.  With  re¬ 


gard  to  the  potential  impact  of  the  thermal  neutron 
flux  generated  by  the  bremsstrahlung  pulses  on 
experimental  data  acquisition,  more  detailed 
modeling,  particularly  in  the  time  domain,  will  need 
to  be  performed.  We  note  that,  as  a  result  of  pre¬ 
liminary  analytical  estimates  of  this  effect,  a  ther¬ 
mal  neutron  shield  wall  has  been  incorporated  into 
the  design  of  the  experimental  hall  (see  Fig.  1). 

In  view  of  the  strong  interest  of  the  scientific 
community  in  the  coherence  of  the  LCLS,  a  long¬ 
term  goal  of  the  R&D  and  design  efforts  is  to 
quantitatively  describe  the  propagation  of  its  co¬ 
herence  parameters  through  the  X-ray  optics  sys¬ 
tem.  Although  formalisms  exist  that  are  valid  for 
assessing  weak-field  coherence  propagation  [33-36], 
non-linear  and  other  effects  associated  with  the  in¬ 
teractions  of  the  ultra-short  LCLS  pulses  with  mat¬ 
ter  still  remain  to  be  systematically  assessed. 
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LCLS  PEAK  AND  AVERAGE  PHOTON  FLUX  VS  PHOTON  ENERGY 

(N  =  number  of  periods;  K=3.71;  0.92  keV  <  8.3  keV;  linac  pulse  frequency  120Hz) 


■o 

3- 
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Fig.  5.  LCLS  angle-integrated  spontaneous  and  coherent  spectral  flux  densities.  Peak  (left  ordinate)  vs.  time-averaged  (right  ordinate) 
values  are  based  on  practical  operating  parameters  of  SLAC’s  3-km  S-band  linac. 


LCLS  SPONTANEOUS  RADIATION 
{NORMALIZED  ANGULAR  DISTRIBUTIONS) 


Spontaneous  Peak  Power  and  Peak  Power  Density  Distributions  vs.  y*6forthe  SLAG  LCLS 
(Distance  =  10  meters,  K=3.67) 


Fig.  6.  Left:  far-field  radial/angular  target  geometry  for  the  spontaneous  radiation  emitted  by  the  LCLS  undulator.  The  angular  sizes  of 
the  spontaneous  and  coherent  fundamental  lines  are  of  the  same  order.  The  8  =  1/y*  contour  contains  ~  85%  of  the  spontaneous 
power.  Right:  peak  power,  angle-integrated  peak  power,  and  peak  power  density  distributions  averaged  over  the  annular  regions  vs.  y*0 
at  an  LCLS  energy  of  3  5  GeV.  The  peak  power  density  of  the  coherent  LCLS  fundamental  is  marked  on  the  ordinate. 
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5.  Peak  power  density  studies 

The  full  parameter  regime  of  the  LCLS  has  not, 
to  our  knowledge,  been  experimentally  precreated 
or  explored  at  any  prior  or  existing  alternative 
source.  Even  theoretical  and  numerical  studies  of 
the  interactions  of  ultrashort,  high-intensity  radi¬ 
ation  pulses  with  matter  have  heretofore  tended  to 
be  restricted  to  the  IR/visible/UV  spectral  range 
[37].  In  view  of  the  fact  that  additional  strong 
focusing  of  the  raw  LCLS  beam  is  being  planned 
for  scientific  applications  such  as,  e.g.,  microstruc¬ 
ture  imaging  and  non-linear  physics,  corresponding 
interaction  and  damage  issues  associated  with 
fields  with  upper  limits  in  the  1015-1016  V/m  range 
are  expected  to  become  physically  relevant  [14].  It 
is  anticipated  that  continuing  theoretical,  numer¬ 
ical,  and  experimental  studies  will  be  undertaken 
throughout  the  course  of  the  X-ray  optics  R&D 
program  to  investigate  these  and  related  issues 
[38,39].  In  particular,  studies  of  high-peak-power 
effects  in  the  materials  utilized  in  the  LCLS  optical 
system  design  (viz.,  gases,  crystals,  metals,  and  di¬ 
electrics)  are  expected  to  be  critical  to  the  longer- 
term  development  of  the  LCLS  as  a  user  facility. 


6.  Instrumentation  design  studies 

The  design  and  successful  use  of  optical  instru¬ 
mentation  for  diagnosing  the  LCLS  radiation  or 
for  processing  and  transporting  it  to  the  experi¬ 
mental  stations  will  depend  on  the  extent  to  which 
peak  power  damage  effects  can  be  mitigated  or 
circumvented.  However,  even  with  these  issues  re¬ 
solved,  care  will  still  need  to  be  exercised  in  factor¬ 
ing  in  the  temporal-profile  effects  of  the  ultra-short 
radiation  pulses  on  the  performance  of  conven¬ 
tional  instrumentation  [14,40].  A  substantial  depth 
of  experience  in  handling  both  peak  and  average 
power  density  problems  on  beam  lines  has  been 
accumulated  at  3rd  and  earlier-generation  storage 
rings  sources  [41-50],  and  this  has  been  both 
drawn  upon  [8]  and  is  expected  to  continue  serving 
as  an  invaluable  guide  to  the  ongoing  design  pro¬ 
gram.  Apart  from  the  performance  of  conventional 
optical  functions,  a  longer-term  goal  of  the  LCLS 
optics  R&D  program  is  to  extend  the  output  para¬ 


meter  ranges  of  the  raw  (unprocessed)  LCLS  beam 
by  substantial  margins  or  factors,  in  many  instan¬ 
ces  to  enable  the  execution  of  new  classes  of  scient¬ 
ific  experiments.  Thus,  optics  will  need  to  be 
developed  to  perform  functions  such  as,  e.g.,  micro- 
focusing  [51-54],  polarization  control,  temporal 
and  angular  pulse  compression  and  dilation  [14], 
and  beam  splitting.  Implementing  these  capabilities 
will,  in  turn,  necessitate  the  development  of  diagnos¬ 
tic  instruments,  detectors,  and  techniques  (e.g.,  inter¬ 
ferometry)  with  correspondingly  extended  ranges. 
The  use  of  novel  materials,  multi-phase  optics,  new 
modes  of  operation  (e.g.,  use  of  dynamic,  or  “dispos¬ 
able”  optics)  and  the  development  of  new  instrumen¬ 
tation  concepts  and  configurations  are  all  expected 
to  play  key  roles  in  achieving  these  ends. 

7.  Experimental  design 

Selected  possibilities  for  novel  scientific  and  tech¬ 
nological  applications  opened  up  by  a  1.5  A  LCLS 
have  been  noted  in  prior  literature  [55].  Since  1995, 
a  number  of  workshops  covering  various  scientific 
or  technological  applications  in  a  more  systematic 
fashion  have  been  held  [56-58],  with  a  resulting 
strong  positive  response  from  the  international  sci¬ 
entific  community.  In  the  short  term,  initial  experi¬ 
ments  on  the  LCLS  will  in  all  likelihood  explore 
various  aspects  of  the  interaction  of  LCLS  pulses 
with  matter.  Concurrently,  selected  investigations 
not  requiring  the  full  per-pulse  flux  (e.g.,  imaging, 
structural  studies,  microfocusing,  etc.)  will  also  be 
possible.  The  development  of  both  general  and 
specialized  instrumentation  for  these  applications 
is  expected  to  be  an  interactive  process,  undertaken 
in  conjunction  with  the  experimental  groups  carry¬ 
ing  out  the  research.  As  the  LCLS  evolves  into 
a  user  facility,  attention  will  be  given  to  the  devel¬ 
opment  and  standardization  of  instrumentation  ca¬ 
pable  of  supporting  the  broadest  anticipated  range 
of  user  requirements. 

8.  Summary 

An  overview  of  the  LCLS  X-ray  optical  system 
and  selected  activities  of  the  associated  R&D 
program  has  been  presented.  A  common  theme 
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underlying  the  design  process  has  been,  and  re¬ 
mains,  a  concern  over  the  potentially  deleterious 
effects  of  high  peak  power  densities  impinging  on 
the  system  components.  In  the  initial  stages  of 
LCLS  operation,  the  design  proposes  to  implement 
a  gas  absorption  cell  to  permit  continuous  vari¬ 
ation  of  peak  power  density  from  levels  at  which 
damage  phenomena  can  be  studied  to  those  at 
which  damage  is  not  a  concern.  Additionally,  it  will 
enable  the  use  of  conventional  instrumentation  to 
perform  critical  diagnostics  of  the  LCLS  beam  at 
turn-on,  as  well  as  the  execution  of  initial  scientific 
experiments.  In  the  longer  term,  an  ultra-long  beam 
line  may  be  implemented.  The  nearer-term  evolu¬ 
tion  of  the  optics  to  the  point  where  the  majority  of 
experiments  that  require  unattenuated  radiation 
can  be  supported  is  envisaged  to  be  an  interactive 
R&D  process.  Scattering  and  damage  studies  on 
initial  samples  (perhaps  using  the  absorption  cell 
itself),  coupled  with  theoretical  and  numerical  stud¬ 
ies,  will  provide  much-needed  knowledge  and  ex¬ 
perience  on  which  the  design  of  reliable  LCLS 
instrumentation  can  be  based.  A  parallel  R&D 
program  will  be  the  continuing  study  of  the  source 
and  coherence  properties  of  the  LCLS  radiation. 
Here  the  modeling  and  representation  of  the  spon¬ 
taneous  and  coherent  outputs  described  in  the  sec¬ 
tions  above  will  be  extended.  The  ultimate  goal  of 
these  studies  will  be  a  reliable  quantitative  descrip¬ 
tion  of  the  LCLS  radiation  and  its  propagation 
through  the  complete  optical  system.  Research  on 
the  development  of  LCLS  optics  and  instrumenta¬ 
tion,  including  theoretical,  numerical  and  experi¬ 
mental  studies  of  short  pulse  effects,  will  continue. 
These  programs  will  be  carried  out  in  collaboration 
with  various  laboratories  and  research  groups  (e.g., 
LLNL,  LANL,  LBNL,  BNL,  APS,  ESRF,  DESY, 
etc.)  that  have  the  expertise,  facilities,  and  interest 
to  participate  in  the  required  studies. 
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Abstract 

The  linac  coherent  light  source  (LCLS)  (LCLS  Design  Study  Report,  SLAC-R-521,  1998)  is  an  X-ray  FEL  based  on 
a  long,  permanent  magnet  undulator  comprised  of  multiple  segments  which  provide  space  for  electron  beam  position 
monitors  (BPMs)  and  quadrupole  focusing  magnets.  The  15  GeV  electron  trajectory  within  the  undulator  must  be 
straight  to  ~  5  gm  over  a  gain  length  of  1 1  m  so  that  the  photon  beam  overlaps  efficiently  with  the  electron  beam.  This 
alignment  precision  is  not  achievable  with  available  mechanical  survey  methods.  For  this  reason,  an  empirical 
beam-based  alignment  technique  is  developed  that  uses  BPM  readings  in  conjuntion  with  large,  deliberate  variations  in 
the  electron  energy.  We  describe  here  a  detailed  alignment  simulation  including  BPM  and  magnet-mover  calibration 
errors,  quadrupole  gradient  errors,  and  dipole  field  errors  which  demonstrate  that  the  alignment  can  be  achieved  with 
high  confidence.  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 


1.  Introduction 

The  LCLS  uses  a  112-m  long,  planar-type,  per¬ 
manent  magnet  undulator  which  includes  a  discrete 
quadrupole  focusing  array  to  keep  the  electron 
beam  well  focussed.  The  strong  gradient  and  precise 
beam  overlap  requirements  create  tight  alignment 
tolerances  not  readily  achievable  with  traditional 
alignment  techniques.  The  inclusion  of  high-resolu¬ 
tion  BPMs  and  magnet  movers  in  the  design,  how¬ 
ever,  provides  the  ability  to  measure  and  correct 
both  BPM  and  quadrupole  misalignments  by  tak¬ 
ing  advantage  of  their  sensitivity  to  beam  energy. 

The  undulator  is  composed  of  52  1.92-m  sections, 
each  including  128  dipoles.  The  section  is  followed 
by  a  24-cm  long  gap  which  includes  a  ~  1-pm 
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resolution  RF-cavity  BPM  and  a  12-cm  long,  45- 
T/m  gradient  permanent  magnet  quadrupole.  Each 
quadrupole  is  mounted  on  a  remotely  controlled  x- 
and-y-mover  to  provide  trajectory  corrections.  The 
beam-based  alignment  method  uses  a  full  set  of 
BPM  readings  taken  at  three  different  electron 
beam  energies  to  deduce  the  quadrupole  magnet  and 
BPM  misalignments  which  are  then  corrected  with 
magnet  movers  and  software  offsets,  respectively. 


2.  Trajectory  analysis 

The  readback  of  the  ith  BPM  which  measures 
the  centroid  of  the  transverse  position  of  the  elec¬ 
tron  bunch  at  location  st  along  the  undulator  can 
be  written  as 

m,=  t  djCtj  -  b,  (1) 

j-  i 


0168-9002/99/$- see  front  matter  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 
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Fig.  1.  Schematic  diagram  of  e  trajectory  for  nominal  energy 
(A E  =  0)  and  for  a  lower  energy  (A E  <  0).  BPMs  are  represented 
as  dots  and  kick  sources  as  triangles. 


where  Qj  is  the  kick  angle  at  location  sj  (sj  <  st)  due 
to  a  transversely  misaligned  quadrupole  magnet  or 
dipole  field  error  upstream  of  BPM-i,  Cfj  is  the 
transfer  coefficient  which  maps  a  beam  angle  at 
point  j  to  a  position  at  point  i,  and  bt  is  the  read- 
back  offset  (mechanical  and/or  electrical)  of  BPM-i. 
The  initial  launch  conditions  are  temporarily 
ignored  here  for  clarity  (more  on  this  below).  Eq.  (1) 
is  shown  graphically  in  Fig.  1. 

The  kick  angles  in  the  figure  are  represented  as 
dipoles,  however  they  are  completely  equivalent  to 
either  misaligned  quadrupoles  and/or  field  errors  of 
the  undulator  dipoles  (or  other  sources).  The  quad¬ 
rupole  focusing  is  not  explicitly  shown  in  the  figure, 
but  is  represented  mathematically  in  the  transfer 
coefficient,  Cl7. 

Since  the  kick  angles,  Oj ,  are  inversely  propor¬ 
tional  to  beam  momentum,  p,  whereas  the  BPM 
offsets,  bh  are  independent  of  momentum,  vari¬ 
ations  of  beam  energy  (momentum)  can  be  used  to 
measure  both  parameters  simultaneously.  This  is 
clear  if  9j  is  replaced  by  a  dipole  field  error,  A Bjy  (or 
quadrupole  misalignment)  to  explicitly  show  the 
momentum  dependence  of  Eq.  (1): 

mik=-  t  eAB/C^-b,.  (2) 

Pk  j=  1 

Here  /  is  the  dipole  (or  quadrupole)  length,  e  is 
the  electron  charge  and  the  subscript,  k,  on  mo¬ 
mentum  and  BPM  readback  indicates  the  different 
values  of  beam  momentum  ( >  2  required).  The 
transfer  coefficients,  C,7(pfe),  are,  in  general,  also 
momentum  dependent. 

A  matrix  expression  for  this  linear  system  is 
given  in  Eq.  (3)  with  N  BPMs,  N  kicks  (misaligned 


quadrupoles)  and  two  different  momenta  ( k  =  1,2). 
Here  —  I  is  an  NxN  negative-unity  matrix  and 
the  elements  Pl7(/c)  =  eCij/pk  are  the  scaled  mo¬ 
mentum-dependent  transfer  coefficients  which  map 
the  ;th  field  error  (kick)  to  the  ith  BPM  Eq.  (3): 


mu 

PuO) 

0 

0 

m2i 

Pll(  1) 

^22(1) 

0 

-I 

• 

«  * 

Mn  l 

-P.Vl(l) 

PiV2(l)  ■ 

•  Pnn(  1) 

m12 

P  n(2) 

0 

0 

m22 

-/  Pzi(2) 

P22(2)  • 

0 

mmN2. 

.  Pn  i(2) 

PiV2(2) 

PiVJv(2). 

b  i 

b2 


AJV 

.A  Bn£  m 

There  are  many  undulator  dipoles  (potential  field 
errors)  per  BPM  (128)  which  cannot  all  be  solved. 
However,  the  quadrupole  alignment  corrections 
tend  to  cancel  all  net  dipole  field  errors  (undulator 
dipole  errors,  quadrupole  offsets  and  other  fields). 
The  quality  of  this  cancellation  is  examined  in  the 
simulations  described  below. 

To  explicitly  write  Eq.  (3)  in  terms  of  misalign¬ 
ments,  A 3/  is  replaced  by  the  quadrupole  magnet 
misalignment,  Axj9  and  Pl7(k)  is  replaced  by 

Pij(k)  -  [1  -  QUQWm  -  QUmUk)  (4) 

where  Q{i (k)  and  Qj21(k)  are  the  ‘thick-lens’  transfer 
matrix  elements  across  the  jth  quadrupole  evalu¬ 
ated  at  the  kth  momentum,  and  #ili(/c)  and 
RJi2(k)(RJi2  =  Q ij)  are  position-to-position  and 
angle-to-position,  respectively,  transfer  matrix  ele¬ 
ments  from  the  exit  of  the  ;th  quadrupole  to  the  ith 
BPM,  also  evaluated  at  the  /cth  momentum. 
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In  practice,  the  linear  system  of  Eq.  (3)  is  solved 
by  imposing  ‘soft-constraints’  on  the  solutions  to 
stabilize  the  system.  This  is  equivalent  to  including 
the  additional  information  that  quadrupole  and 
BPM  offsets  are  zero  to  within  ~  1  mm.  These 
constraints  weight  the  normalized  residual  fit  error 
(X2)  such  that  the  solutions  do  not  wander  out  to 
large  values  over  long  distances  (see  Ref.  [1]). 

By  ignoring  the  initial  launch  conditions  of  the 
beam  at  the  undulator  entrance  in  Eqs.  (1)— (3)  we 
define  the  reference  line  for  the  determined  BPM 
and  quadrupole  misalignments  as  the  incoming 
position  and  angle  of  the  beam.  At  a  point  when 
Eq.  (3)  has  been  solved  and  the  N  solutions  of  b  and 
Ax  are  available,  we  then  extract  a  best  line-fit 
(initial  position  and  angle)  from  these  data  and 
accordingly  adjust  the  launch  conditions  (with 
steering  dipoles  prior  to  the  undulator)  so  that  the 
quadrupole  and  BPM  offset  corrections  will  not 
systematically  follow  these  initial  erroneous  launch 
conditions.  On  the  next  application  of  the  align¬ 
ment  procedure,  the  launch  conditions  will  be 
much  closer  to  the  axis  defined  by  the  initial  BPM 
and  quadrupole  positions  (initial  tunnel  survey). 

3.  Operational  procedure 

The  full  alignment  procedure  used  in  initial  ma¬ 
chine  commissioning  is  given  in  Table  1. 

Table  1 

Beam-based  alignment  procedure 

Step  Description  ~  Time/h 

1  Rough  correct  incoming  trajectory  0.2 

launch  using  1st  few  und.  BPMs 

2  Apply  weighted  steering  to  minimize  0.2 

BPM  readings  and  mover  changes 

3  Save  ~  100  sets  of  BPM  readings  1.5 

for  each  of  5,  10  &  15  GeV 

4  Run  all  BPM  data  through  analysis  0.1 

5  Correct  launch  position  and  angle  0.1 

6  Set  quadrupole  movers  to  new  0.1 

positions  and  correct  BPM  offsets 

7  Steer  BPM  readings  to  ~  0  using  0.2 

a  minimum  number  of  magnet  movers 

8  Repeat  steps  3-7  until  peak  of  BPM  2/iter. 

readings  at  5  GeV  is  <  ~  50  pm 


Steps  1  and  2  are  rough  steering  steps  used  only 
in  initial  commissioning  when  the  trajectory  ampli¬ 
tude  is  potentially  very  large.  Step-2  involves 
a  weighted  steering  procedure  where  both  the  abso¬ 
lute  readings  of  the  BPMs  and  the  magnet  mover 
changes  are  simultaneously  minimized  with  respect 
to  a  50  pm  weight.  This  is  used  because  an  exact 
1-to-l  steering  can  require  mover  changes  of  >  1 
mm  in  order  to  exactly  zero  each  BPM  reading;  an 
undesirable  steering  accuracy  at  this  early  stage. 
Step-5  is  a  precise  launch  correction  based  on  the 
BPM  and  quadrupole  offsets  determined  in  step-4 
(see  below).  Step-7  is  a  minor  cleanup  to  remove 
remaining  small  oscillations  which  are  due  to  mover 
errors.  The  procedure  is  iterated  as  necessary. 

4.  Simulation  results 

Simulations  have  been  run  for  the  entire  beam- 
based  alignment  procedure,  from  initial  rough 
steering  through  final  precision  alignment.  The 
simulations  use  the  LCLS  undulator  parameters 
with  one  BPM  (reads  both  x  and  y)  located  at  the 
upstream  face  of  each  quadrupole.  A  conservative 
set  of  statistical  and  systematic  errors  are  included 
in  the  simulations  as  summarized  in  Table  2. 

The  BPM  resolution  requirement  of  1  pm  is  an 
rms  value  averaged  over  ~  100  beam  pulses.  Ther¬ 
mal  stability  of  the  BPM  to  ~  1  pm  over  ~  2  h  is, 


Table  2 

Errors  used  in  alignment  simulation 


Description  (Gaussian  rms  errors) 

Value 

Unit 

BPM  rms  resolution  (multi-pulse  res.) 

1 

pm 

BPM  rms  offsets  (uncorrelated) 

50 

pm 

BPM  rms  offsets  (correlated) 

300 

pm 

BPM  mean  calibration  error  (systematic) 

10 

% 

BPM  rms  calibration  error  (random) 

3 

% 

Quad,  rms  offsets  (uncorrelated) 

50 

pm 

Quad,  rms  offsets  (correlated) 

300 

pm 

Quad,  mean  gradient  error  (systematic) 

0.3 

% 

Quad,  rms  gradient  error  (random) 

0.3 

% 

Undulator  rms  dipole  error  (x,  random) 

0.1 

% 

Mover  mean  calibration  error  (systematic) 

5 

% 

Mover  rms  calibration  error  (random) 

3 

% 

Mover  reproducibility  (digitization  error) 

±  1 

pm 

Incoming  trajectory  bias  (beam  size  units) 

10 

a 

Incoming  rms  orbit  jitter  (beam  size  units) 

0-0.1 

<j 
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however,  required.  The  ‘correlated’  offsets  (mis-  trajectory  bias’  is  a  static  beam  launch  error  which 

alignments)  listed  in  Table  2  describe  a  random  is  ten  times  that  of  the  rms  beam  size  in  both 

walk  where  the  expectation  value  of  the  square  of  position  and  angle  (10  x  30  pm  and  10  x  1.7  prad). 

the  misalignment,  <x2>,  is  related  linearly  to  its  The  ‘incoming  orbit  jitter’  is  a  randomly  varying 

distance  from  the  undulator  entrance.  This  treat-  launch  position  and  angle  error  which  occurs  dur- 

ment  approximates  the  long  undulator  survey  ing  the  energy-scan  data  acquisition.  The  simula- 

‘wander’  error  arising  over  100  m.  The  BPMs  and  tion  shown  here  includes  no  orbit  jitter,  but  in  fact 

quadrupoles  both  follow  the  same  random  walk  the  results  are  insensitive  to  launch  jitter  up  to  10% 

path  plus  an  additional  50  pm  rms  ‘uncorrelated’  of  the  nominal  beam  size  (net  rms  after  averaging 

component  applied  to  both  BPMs  and  quadru-  ~  100  pulses).  The  effective  jitter  can,  in  practice, 
poles  separately.  Two  adjacent  elements  are  there-  easily  be  reduced  even  further  by  acquiring  -  100 

fore  misaligned  with  respect  to  each  other  by  orbits  and  using  the  linac  BPMs  to  select  only 

Jl  x  50  pm  «  70  pm  rms.  Over  longer  distances  those  70-80  orbits  which  produce  the  most  con- 

the  relative  misalignment  increases.  stant  mean  trajectory. 

Errors  in  3300  dipole  pairs,  x-plane  only,  are  also  Fig.  2  shows  the  quadrupole  and  BPM  horizon- 

included.  The  ‘calibration  error’  in  the  table  implies  tal  misalignments  used  in  this  simulation  with  re- 

that  the  BPMs  (magnet  movers)  are  mis-scaled  so  spect  to  a  line  defined  by  the  upstream  linac  axis  (as 

that  an  actual  displacement  of  1  mm  will  read  back  are  all  figures  except  Fig  7).  The  vertical  plane  is 

as  (move  by)  1.1  mm  (1.05  mm).  The  ‘mover  repro-  also  fully  simulated  but  not  shown  here, 

ducibility’  simulates  a  random  digitization  error  The  resultant,  un-steered  horizontal  e~  beam 

such  that  the  final  position  of  the  mover  achieves  its  trajectory  at  15  GeV  through  the  undulator  is 

desired  position  plus  a  uniformly  distributed  ran-  shown  in  Fig.  3  (prior  to  step-1).  The  BPM  read- 

dom  component  of  up  to  ±1  pm.  The  ‘incoming  backs  (diamonds  in  all  plots)  are,  in  practice,  the 


S  (m) 


Fig.  2.  Quadrupole  (cross)  and  BPM  (circle)  absolute  misalignments  used  in  this  simulation,  with  respect  to  the  line  defined  by  the 
upstream  linac  axis. 


S  (m) 


Fig.  3.  Trajectory  (solid)  through  undulator  before  step-1  including  an  incoming  trajectory  bias,  BPM  readbacks  (diamond)  and 
absolute  quadrupole  positions  (cross). 
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Fig.  4.  Trajectory  at  15  GeV  (solid)  after  steering  (after  steps  1  and  2)  including  BPM  readbacks  (diamond)  and  absolute  quadrupole 
positons  (cross).  The  trajectory  produced  at  5  GeV  (dash)  is  also  overlaid. 


only  known  quantities  at  this  point.  The  absolute 
quadrupole  positions  are  shown  as  crosses  “  +  ”  in 
all  plots. 

Fig.  4  shows  the  15  GeV  e"  trajectory  after  the 
rough  launch  correction  and  steering  of  steps  1  and 
2.  The  5-GeV  orbit  is  also  shown  (without  the 
5-GeV  BPM  readbacks)  where  peak  trajectory  am¬ 
plitudes  of  ~  1  mm  can  arise. 

The  15  GeV  BPM  readback  data  of  Fig.  4  are 
saved  to  disk  and  the  energy  is  then  lowered  to  10 
GeV  by  switching  off  klystrons  in  the  linac.  The 
fields  of  the  linac  magnets  are  scaled  to  the  new 
energy  and  any  detected  beam  position  differences 
upstream  of  the  undulator  are  manually  corrected 
until  the  undulator  entrance  launch  position  at  10 
GeV  is  within  a  few  microns  of  that  at  15  GeV.  Any 
beam  angle  difference  at  the  undulator  entrance  is 
not  detectable  with  the  linac  BPMs.  However,  such 
an  angle  is  eventually  incorporated  into  the  re¬ 
positioning  of  the  first  undulator  quadrupole(s).  No 
changes  are  made  to  the  undulator  components 
during  the  energy  scan.  Only  the  trajectory  launch 
is  adjusted,  if  necessary,  to  maintain  a  constant 
beam  position  at  the  entrance.  Finally,  the  e“  en¬ 
ergy  is  lowered  again  to  5  GeV  (dashed  in  Fig.  4) 
and  the  BPM  readbacks  are  again  saved. 

Since  the  fields  of  the  magnets  upstream  of  the 
undulator  are  scaled  to  the  lower  energies,  the  beta 
functions  at  the  undulator  entrance  will  be  constant 
during  the  procedure.  With  permanent  magnet  un¬ 
dulator  quadrupoles,  however,  these  entrance  beta 
functions  will  not  be  matched  to  the  undulator 
focussing  at  5  GeV  causing  a  worst  case  80  pm 
beam  size  beat  through  the  undulator  as  compared 


to  the  nominal  matched  45  pm  maximum  size  at 
5  GeV.  This  worst  case  beat  should  have  no  signifi¬ 
cant  effect  on  the  alignment  procedure. 

With  the  multi-energy  BPM  readback  data 
saved,  the  analysis  program  calculates  BPM  and 
quadrupole  offsets.  Fig.  5  shows  the  calculated 
quadrupole  offsets  (results  of  step-4)  as  well  as  the 
true  offsets  (used  in  this  simulation). 

The  fine  structure  of  the  calculated  offsets  agree 
well  with  the  true  offsets.  The  values  differ,  how¬ 
ever,  by  a  straight  line  which  is  due  to  (1)  the  initial 
launch  bias  which  has  only  been  roughly  corrected, 
and  (2)  the  correlated  component  of  the  BPM  and 
quadrupole  offsets.  One  line  (per  plane)  is  then 
fitted  simultaneously  to  both  the  calculated  quad¬ 
rupole  and  BPM  (not  shown)  offsets  (see  Fig.  5). 
The  slope  and  offset  of  the  line-fit  is  used  to  readjust 
the  initial  beam  launch  angle  and  position,  respec¬ 
tively,  at  the  undulator  entrance.  In  this  way  the 
large  linear  component  of  the  quadrupole  and  BPM 
offsets  is  not  incorporated  into  their  corrections. 

Fig.  6  shows  the  new  electron  trajectory  after  the 
launch  conditions,  the  quadrupole  magnet  movers, 
and  the  BPM  offsets  are  corrected,  and  the  minor 
steering  of  step-7  is  finished.  The  offset  corrections 
which  are  applied  have  the  line-fit  of  Fig.  5  re¬ 
moved.  At  each  stage  of  the  simulation  the  magnet 
mover  limitations  (calibration  errors  and  reproduc¬ 
ibility  errors)  and  BPM  errors  (calibration  and 
resolution)  are  incorporated. 

The  linear  component  which  remains  in  the 
Fig.  6  trajectory  is  due  to  the  correlated  quadrupole 
and  BPM  offsets  (random  walk  of  initial  tunnel 
survey).  Since  these  offsets  are  due  mainly  to  the 
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Fig.  5.  True  (solid)  and  calculated  (dash)  quadrupole  offsets  determined  in  step-4.  The  best  line-fit  to  the  calculated  offsets  (to  be  used  in 
step-5)  is  also  overlaid. 


Fig.  6.  Trajectory  (solid)  at  15  GeV  after  one  iteration  of  steps  3-7.  BPM  readbacks  (diamond)  and  absolute  quadrupole  positions 
(cross)  are  also  shown. 


S  (m) 


Fig.  7.  Trajectory  (solid)  at  15  GeV  (linear  component  removed  for  clarity)  after  two  iterations  of  steps  3-7,  with  BPM  readbacks 
(diamond)  and  absolute  quadrupole  positions  (cross).  The  rms  of  the  trajectory  is  3  pm. 


difference  between  the  line  defined  by  the  linac  axis 
and  the  slightly  different  line  established  by  the 
undulator  survey,  the  procedure  inevitably 
launches  the  electrons  straight  down  the  undulator 
vacuum  chamber  which  presumably  follows  these 
correlated  initial  tunnel  survey  errors.  The  traject¬ 
ory  shown  in  Fig.  6  is  then  actually  the  most  desired 
trajectory  where  a  slight  change  in  beam  position 
and  angle  at  the  undulator  entrance  is  used  to 


launch  the  electron  beam  down  the  center  of  the 
undulator.  The  tiny  dispersion  generated  by  this 
slight  position  and  angle  change  is  completely  neg¬ 
ligible.  After  one  iteration  of  steps  3-7,  the  traject¬ 
ory  rms,  with  respect  to  a  straight  line  over  the 
length  of  the  undulator  is  ~  20  pm. 

Fig.  7  shows  the  final  trajectories  after  a  second 
iteration  of  steps  3-7  is  applied.  In  this  case  the 
linear  component  of  Fig.  6  is  removed  from  the  plot 
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for  clarity.  The  rms  of  the  electron  trajectory  over 
the  length  of  the  undulator,  with  respect  to 
a  straight  line,  achieves  a  value  of  3  pm.  The  final 
alignment  requires  changes  to  the  magnet  movers 
of  ~  100  pm  rms.  Many  random  seeds  have  been 
tested  with  similar  results.  Doubling  the  uncor¬ 
related  quadrupole  and  BPM  offsets  to  100  pm,  or 
the  gradient  errors  to  0.6%  still  produces  accept¬ 
able  results. 


5.  Summary 

A  final  electron  trajectory  of  3  pm  rms  with 
respect  to  a  straight  line  over  the  length  of  the 
LCLS  undulator  is  achievable  using  energy  scan¬ 
ned  beam-based  alignment.  Prior  to  the  alignment 


procedure,  BPM  and  quadrupole  uncorrelated 
misalignments  of  100  pm  rms  plus  300  pm  rms 
correlated  misalignments  are  tolerable  for  the 
initial  survey.  Effects  such  as  BPM  and  magnet 
mover  calibration  errors,  quadrupole  field  gradient 
errors,  and  dipole  field  errors  have  been  included  in 
a  detailed  simulation  which  demonstrates  this  level 
can  be  achieved  realistically  with  a  high  confidence 
level.  A  single  pass  of  the  alignment  procedure  will 
be  reapplied  approximately  monthly  with 
a  stretched  wire  feedback  system  and  occasional 
weighted  steering  maintaining  daily  operations. 
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Abstract 

In  January  1997,  the  Beijing  FEL  observed  large  laser  amplification  at  8-18  pm.  However,  through  the  collaborative 
work,  it  was  found  from  both  experiments  and  numerical  simulations  that  the  laser  loss  on  the  beam  tube  wall  was  not 
negligible,  and  that  the  saturation  was  not  seen  in  the  relatively  long  wavelength  range  because  of  this  loss.  This  calls  for 
further  investigation  on  the  effects  of  the  beam  tube  of  finite  size.  In  order  to  include  such  effects  self-consistently,  we  have 
developed  a  new  three-dimensional  code  that  can  solve  equations  with  the  boundary  conditions  of  the  beam  tube  by 
using  the  Finite  Element  Method.  Results  show  that  the  beam  tube  effects  are  dominant  in  deriving  higher  laser  modes  in 
the  tube,  compared  with  the  optical  guiding  effects,  and  consequently  reduced  gain  especially  in  the  longer  wavelength 
range,  where  the  beam  tube  effects  are  greatly  emphasized.  It  is  also  found  that  TEM02  mode  is  the  most  dominant  higher 
mode  in  the  beam  tube,  and  is  also  the  main  cause  of  gain  reduction.  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  02.60.Cb;  41.60.Cr;  42.60.  -  v 

Keywords:  Simulation;  Vacuum  tube;  Beijing  FEL 


1.  Introduction 

In  collaboration  with  the  Beijing  FEL  (BFEL) 
group,  we  have  been  analyzing  BFEL  experimental 


♦Corresponding  author.  Tel.:  +  81-774-38-3443;  fax:  +  81- 
774-38-3449. 

E-mail  address:  sobajima@iae.kyoto-u.ac.jp  (M.  Sobajima) 

01 68-9002/99/$ -see  front  matter  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 
PII:  S0168-9002(99)001  19-9 


results  by  numerical  simulations  since  September 
1996.  Through  our  collaboration,  it  was  found  from 
both  experiments  and  numerical  simulations  that 
the  effects  of  the  relatively  narrow  BFEL  beam  tube 
on  the  laser  field  cannot  be  ignored  [1]. 

We  have  thus  investigated  by  our  three-dimen¬ 
sional  FEL  code  previously  developed  [2,3],  in 
particular,  the  diffractive  loss  which  occurs  when 
the  laser  field  goes  through  the  beam  tube  entrance. 
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On  the  other  hand,  the  effects  of  the  beam  tube  size 
can  also  create  higher-order  transverse  modes  in 
the  laser  field  which  could  reduce  the  degree  of 
interaction  between  the  electron  beam  and  the  laser 
field. 

Since  our  previously  developed  simulation  code, 
aiming  at  the  evaluation  of  optical  guiding  effects, 
imposes  a  periodic  boundary  condition  in  the 
transverse  plane  in  the  infinite,  not  finite  beam  tube 
because  of  the  use  of  Fourier  transformation,  the 
code  cannot  treat  the  beam  tube  effects  self-consis- 
tently. 

We  have  thus  developed  a  new  three-dimen¬ 
sional  code  that  solves  equations  with  boundary 
conditions  of  the  beam  tube  by  using  the  Finite 
Element  Method,  in  order  to  deal  with  the  effects 
associated  with  the  finite  beam  tube,  as  well  as 
optical  guiding  effects. 

Through  the  numerical  simulations,  we  have 
studied  the  evolution  of  the  laser  profiles,  and 
evaluated  the  effects  of  the  beam  tube  of  finite  size 
by  comparing  the  results  of  the  old  code  and  the 
new  one,  and  also  by  decomposing  the  transverse 
laser  fields  into  Gaussian  beam  modes  we  observed 
the  generation  of  higher  order  modes. 


2.  Simulation  code  and  boundary  conditions 

In  our  new  code,  the  vector  potential  of  laser 
field,  Ah  is  assumed  to  have  the  form, 

Ah(x,  y,  z)  =  x\Al{x,  y,  z)|cos{fcLz  -  coLt 

+  <j>L(x,  y,  z)}  (1) 

AL{x,  y,  z)  =  |/lL(x,  y,  z)\  exp{i0L(x,  z)}  (2) 

where  </>L,  kL  and  coL  stand  for  the  phase,  the  wave 
number  and  the  angular  frequency  of  laser,  respec¬ 
tively.  Substitution  of  this  vector  potential  into 
Maxwell’s  equations,  applying  SVAP  approxima¬ 
tion  and  averaging  over  a  laser  period,  gives  the 
following  equations, 

^  Vi  +  aL(x,  y ,  z)  =  s(x,  y,  z)  (3) 

s(x,  y,z)=  X  Sj5(x  -  Xj)8(y  -  yj)  (4) 

j=i 


-  J  At j))  exp  (  -  i (j)  +  iaL}  (5) 

Zj  =  |fl„j|2/{2(l  +  \aj2)}  (6) 


eAL  eAuj 

^Jlmc  1  ^flmc 


(7) 


where  Ne  is  the  number  of  electrons  in  the  laser 
wavelength  of  kL,  J„  is  the  nth  order  Bessel  func¬ 
tion,  and  aL  and  auj  are,  respectively,  the  dimen¬ 
sionless  amplitudes  of  the  vector  potentials  of  the 
laser  field,  and  the  undulator  field  at  the  position  of 
the  jth  electron.  Furthermore,  Xj ,  yj9  yj,  and  £;  are, 
respectively,  the  x,  y  coordinate,  Lorentz  factor, 
and  the  phase  in  the  ponderomotive  potential  of 
the  jth  electron  averaged  over  an  undulator  period. 

The  new  code  solves  these  equations  by  using  the 
Finite  Element  Method  with  the  boundary  condi¬ 
tion  which  is  given  by  the  tangential  component  on 
the  wall  aL||  =  0,  assuming  a  beam  tube  wall  made 
of  a  perfect  conductor.  The  periodic  boundary  con¬ 
dition  is  imposed  for  the  laser  propagation  from  the 
mirrors  to  the  start  of  the  beam  tube  in  order  to 
solve  equations  analytically  using  Fourier  trans¬ 
formation  as  is  given  in  the  old  code.  And  the  laser 
field  outside  the  opening  of  the  beam  tube  entrance 
is  lost. 

In  the  simulations,  TEM00  Gaussian  mode  is 
given  analytically  at  the  entrance  of  the  beam  tube. 
This  could,  however,  inevitably  induce  components 
of  other  higher  modes  because  of  the  finite  x,  y- 
plane  in  the  calculations. 


3.  Results  and  discussions 

Simulations  for  laser  evolution  are  made  for  the 
reference  FEL  parameters  shown  in  Table  1,  char¬ 
acteristic  of  BFEL,  and  the  cross  section  of  the 
beam  tube  in  the  calculation  is  discretized  by 
a  finite  number  of  triangular  elements  as  shown  in 
Fig.  1. 

Evolutions  of  the  laser  profiles  in  the  beam  tube 
on  the  x,  and  y-axis  are  shown,  respectively,  in  Figs. 
2  and  3  for  the  wavelengths  of  8  and  18  pm.  It  is 
obvious  in  Fig.  3,  that  the  transverse  higher-order 
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Table  1 

Beijing  FEL  parameters 


Optical  signal 


Wavelength,  2L 

8-18  pm 

Injected  power,  Pin 

1  W 

Rayleigh  range,  ZR 

0.65  m 

Cavity  length,  Lm 

2.52  m 

Electron  beam 

Peak  current,  Jp 

15  A 

Radium,  ox,  ay 

0.64  mm 

Normalized  emittance,  snx,  gn}, 

26  n  mm  mrad 

Energy,  y 

35-55 

Energy  spread,  oy 

0.5% 

Macro-bunch 

4  ps  (230  pass) 

Undulator 

Period,  2U 

3.0  cm 

Length,  Lu 

1.5  m 

Undulator  parameter,  K 

1.0 

Beam  tube 

Length,  Ld 

2.2  m 

Cross  section  (x  x  y) 

15  mm  x  10  mm 

Cvl 

E 
E 

>•  04 

I 


x  [mm] 

Fig.  1.  Mesh  of  calculation  region 

modes  for  18  jam  are  strongly  affected  by  the  beam 
tube. 

The  gain  as  a  function  of  the  laser  wavelength 
(solid  curve)  and  without  the  beam  tube  effects  for 
comparison(dotted  curve)  calculated  by  the  old 
code  is  shown  in  Fig.  4.  It  is  seen  that  the  gain 
decreases  by  about  1%  at  18  pm  due  to  the  effects 
of  the  beam  tube,  and  the  difference  becomes  small¬ 
er  as  the  wavelength  and  the  spot  size  of  the  laser 
decreases.  It  is  to  be  noted  that  since  the  macro¬ 
bunch  length  of  the  BFEL  is  only  4  ps,  the  gain 
itself  becomes  very  crucial  to  achieve  the  saturation 
and  lasing  for  the  BFEL. 


Fig.  2.  Evolution  of  laser  profiles  on  (a)  x-axis,  and  (b)  y-axis  for 
the  wavelengths  of  8  pm.  (a)  x-axis;  (b)  y-axis. 


Fig.  3.  Evolution  of  laser  profiles  on  (a)  x-axis,  and  (b)  y-axis  for 
the  wavelengths  of  18  pm.  (a)  x-axis;  (b)  y-axis. 
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Fig.  4.  Gain  with  beam  tube  effects  (solid  line)  and  without  them 
(dotted  line)  as  a  function  of  laser  wavelength. 


z[m] 


Fig.  5.  Evolution  of  the  mode  composition  fraction  in  beam 
tube. 


Among  the  higher  modes  for  18  pm  in  Fig.  4,  the 
TEM02  is  dominant.  Its  evolution  along  the  beam 
tube  is  shown  in  Fig.  5,  together  with  the  funda¬ 
mental  mode  TEMqo-  It  is  also  to  be  noted  that  the 
evolution  of  laser  propagation  mode  in  the  beam 
tube  without  interaction  with  electron  beams  is 
found  to  be  almost  the  same  as  that  in  Fig.  5. 

Other  higher  modes  are  found  to  be  almost  negli¬ 
gible  as  can  be  seen  in  Fig.  5. 

It  is  seen  that  the  fraction  of  the  most  dominant 
mode,  TEMoo,  increases  near  the  center  of  the 
beam  tube,  while  the  second  most  dominant  mode, 
TEMq2>  decreases  inversely,  indicating  energy 
transfer  between  modes. 


Fig.  6.  Evolution  of  laser  amplitude  on  the  z-axis  for  finite  (solid 
line)  and  infinite  size  (dotted  line). 


Fig.  7.  Evolution  of  the  mode  composition  fraction  in  beam 
tube  at  the  230th  pass  (18  pm). 


This  energy  transfer  between  modes  occurs  be¬ 
cause  of  the  laser  field  reflection  on  the  beam  tube 
wall. 

Unlike  in  the  case  of  an  infinite  beam  tube  where 
higher  modes  can  freely  propagate  and  diffuse,  in 
the  beam  tube  of  finite  size,  since  all  the  modes  are 
confined  and  forced  to  interact  with  the  electron 
beam,  more  unfavorable  effects  by  the  higher-order 
modes  from  the  view  point  of  gain  evolution  are 
expected  in  this  case. 

Actually,  from  the  evolution  of  the  laser  ampli¬ 
tude  on  the  z-axis  for  both  finite  (solid  line)  and 
infinite  size  (dotted  line)  as  shown  in  Fig.  6,  it  can  be 
seen  that  the  averaged  laser  amplitude  simulated 
with  the  beam  tube  is  less  than  that  without  the 
beam  tube  effects. 
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Fig.  8.  Laser  power  evolution  calculated  by  new  code  (solid  line) 
and  old  code  (dashed  line)  plotted  as  a  function  of  pass  number. 

The  realistic  FEL  modes  for  the  wavelength  of 
18  pm  in  the  cavity  can  be  obtained  by  simulations 
of  the  laser  that  resonates  in  the  cavity.  Evolutions 
of  the  mode  composition  fractions  on  the  y-axis  at 
the  230th  pass  in  the  beam  tube  are  shown  in  Fig.  7. 
It  can  be  seen  that  the  fraction  of  higher  modes 
becomes  larger  than  that  at  the  first  pass  through 
the  propagation  between  the  cavity  mirrors  and  the 
undulator,  that  is,  higher  modes  are  mostly  gener¬ 
ated  by  the  interception  that  occurs  when  the  laser 
goes  into  the  beam  tube. 

Evolutions  of  the  laser  power  in  the  optical  cav¬ 
ity  for  18  pm  were  calculated  by  both  the  new  and 
the  old  code  as  is  shown  in  Fig.  8.  The  laser  power 
calculated  by  the  new  code  is  shown  to  be  about 
27%  of  that  calculated  by  the  old  code  because  it 
includes  the  diffraction  loss  and  the  higher  mode 
effects. 

Throughout  the  simulations,  it  is  found  that  the 
evolution  of  the  higher  modes  is  mainly  dominated 
by  the  beam  tube  effects,  not  as  much  by  optical 


guiding  effects  in  the  case  of  IR-FELs  (18  pm)  of 
the  present  BFEL. 

4.  Conclusions 

We  have  developed  a  new  FEL  code  to  deal  with 
the  beam  tube  effects  self-consistently  with  practi¬ 
cal  boundary  condition  by  using  the  Finite  Element 
Method  and  the  simulated  BFEL  experimental  re¬ 
sults  with  this  code.  Results  show  that  the  beam 
tube  effects  are  dominant  in  deriving  higher  laser 
modes  in  the  tube,  compared  with  the  optical  guid¬ 
ing  effects,  and  consequently  reduce  the  gain  espe¬ 
cially  in  the  longer  wavelength  range,  where  the 
beam  tube  effects  are  much  emphasized. 

It  is  also  found  that  the  TEM02  mode  is  the  most 
dominant  higher  mode  in  the  beam  tube,  and  is  the 
main  cause  of  gain  reduction. 

The  realistic  FEL  modes  in  the  cavity  are  ob¬ 
tained,  and  they  are  found  to  include  higher  modes, 
such  as  TEM0i  and  TEM04  in  addition  to  TEM02- 
And  the  laser  power  at  saturation  calculated  by  the 
new  code  is  about  27%  of  that  calculated  by  the  old 
code  due  to  the  beam  tube  loss. 
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Abstract 

A  helical  magnetized  iron  wiggler  has  been  built  for  a  novel  infrared  synchrotron  radiation  laser  (SRL)  experiment.  The 
wiggler  consists  of  four  periods  of  helical  iron  structure  immersed  in  a  solenoid  field.  This  wiggler  is  to  impart  transverse 
velocity  to  a  prebunched  6  MeV  electron  beam,  and  thus  to  obtain  a  desired  high  orbit  pitch  ratio  for  the  SRL.  Field 
tapering  at  beam  entrance  is  considered  and  tested  on  a  similar  wiggler.  Analytic  and  simulated  characteristics  of  wigglers 
of  this  type  are  discussed  and  the  performance  of  the  fabricated  wigglers  is  demonstrated  experimentally.  A  4.7  kG  peak 
field  was  measured  for  a  6.4  mm  air  gap  and  a  5.4  cm  wiggler  period  at  a  20  kG  solenoid  field.  The  measured  helical  fields 
compare  favorably  with  the  analytical  solution.  This  type  of  helical  iron  wigglers  has  the  potential  to  be  scaled  to  small 
periods  with  strong  field  amplitude.  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Synchrotron  radiation;  Laser;  Iron  wiggler 


1.  Introduction 

A  recent  development  in  free-electron  laser 
technology  to  achieve  high  strength,  short  period 
wiggler  fields  is  to  use  high  saturation  magnetiza¬ 
tion  of  an  iron  alloy  structure  immersed  in  a  strong 
applied  field.  A  planar  “Staggered-Array  Wiggler” 
system  utilizing  shifted  alternating  ferromagnetic 
and  nonferromagnetic  bars  immersed  in  an  axial 
field  was  investigated  by  a  group  at  Stanford  Uni¬ 
versity  in  1994  [1].  A  coaxial  arrangement  of  alter¬ 
nating  rings  with  the  central  portion  of  the  coax 
shifted  by  one  half  period  (CHI  wiggler)  providing 
cylindrically  symmetric  periodic  fields  has  been 
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studied  by  a  group  at  Naval  Research  Laboratory 
[2,3].  It  has  been  pointed  out  that  an  iron  helical 
structure  can  provide  helical  wiggler  fields  based  on 
the  same  principle  [4].  This  paper  describes  a  heli¬ 
cal  magnetized  iron  wiggler  of  this  type  that  has 
been  studied  analytically  and  experimentally.  To 
test  this  idea,  a  helical  ferromagnetic  iron  structure 
is  positioned  in  the  room  temperature  bore  of 
a  super-conducting  magnet.  The  high  permeability 
helical  iron  structure  deflects  the  solenoid  field  to 
form  helical  alternating  poles  and  thus  to  form 
helical  transverse  fields.  As  shown  in  Fig.  1,  the  iron 
wiggler  immersed  in  the  first  field  region  is  to  im¬ 
part  transverse  velocity  to  a  prebunched  electron 
beam  from  a  6  MeV  RF  gun  for  a  synchrotron 
radiation  laser  (SRL)  experiment.  Interaction 
for  the  SRL  is  to  be  in  a  quasi-optical  cavity 
in  the  second  field  region,  with  a  field  uni¬ 
formity  of  +0.1%.  The  desired  high  transverse 
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Fig.  1.  Synchrotron  radiation  laser  experiment  setup. 


4  cm 


velocity  (close  to  c)  can  be  tuned  by  adjusting 
strengths  of  the  axial  fields  in  the  two  regions.  SRL 
is  a  device  based  on  a  high  synchrotron  harmonic 
gain  interaction  between  relativistic  gyrating  elec¬ 
trons  and  the  fields  of  a  TEM00q  mode  in  an  optical 
resonator  [5,6].  This  concept  has  the  potential  of 
providing  voltage  and/or  magnetic  field  tunable, 
multi-kilowatt,  coherent  infrared  power  at  wave¬ 
lengths  in  the  range  of  50-1500  pm. 

2.  Analytic  field  approximation 

An  analytic  solution  for  the  field  near  a  helical 
magnetized  structure  within  a  solenoid  coil  can  be 
obtained  by  solving  Laplace’s  equation  with  appro¬ 
priate  boundary  conditions.  To  approximate,  it  is 
useful  to  solve  for  the  on-axis  field,  and  to  treat  the 
ferromagnetic  structure  as  having  a  uniform  mag¬ 
netization  M,  which  is  independent  of  applied  field. 
(This  is  approximately  true  after  the  ferromagnetic 
structure  is  saturated.)  Magnetic  induction  B  out¬ 
side  a  local  magnetic  dipole  moment  distribution 
can  be  obtained  by  integrating  over  the  distribu¬ 
tion.  In  this  approximation,  the  magnetic  induction 
B  is  given  by 

3«  (« -MdV' )  —  MdV' 

\r-*\ 

where  h  is  a  unit  vector  in  the  direction  r  —  #*'. 


Fig.  2.  Helical  magnetized  iron  wiggler  configuration,  (a)  Pic¬ 
tures  of  the  fabricated  wigglers;  the  top  wiggler  is  tapered. 

For  an  infinitely  long  helical  structure  as  in 
Fig.  2,  one  just  needs  to  calculate  on-axis  field  at 
z  =  0,  and  fields  at  other  locations  can  be  deduced 
by  helical  symmetry,  r'  —  a  cos  </>'  ex  +  a  sin  4>'  ey  + 
z’  eZi  where  a  is  the  radius,  z'  =  z'0  +  d z',  <j>f  =  kwz'0 
is  the  helix  angle;  /cw  =  27t/2w,  and  dV'  = 
a  d z'  da  d$r.  Substituting  r',  dV'  in  Eq.  (1),  we  have 

Bx( 0, 0,  z)  =  Bw  sin  kwz 

By(0 , 0,  z)  =  —  Bw  cos  kwz 

B2(  0,0,z)  =  0  (2) 

where 

Bw  =  4 M  sin  kl 

where  t  is  the  step  width  shown  in  Fig.  2,  and  Kl  is 
the  first-order  modified  Bessel  function. 

Using  the  published  saturation  field  of  2.4  T  for 
vanadium  permendur,  Fig.  3  shows  the  predicted 
characteristics  from  Eq.  (3)  of  a  helical  permendur 
wiggler  for  variable  inner  radius  (air  gap  radius) 
and  outer  radius.  The  step  width  t  is  taken  to  be 
half  the  wiggler  period  in  all  the  following  cases  if 
not  stated  otherwise.  In  Fig.  3,  the  outer  radius  is 
taken  to  be  infinity  in  order  not  to  play  a  role.  It 


aK^k^a)  da 


(3) 
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Fig.  3.  Variation  of  helical  wiggler  field  with  parameters,  (a)  Peak  wiggler  field  as  a  function  of  normalized  inner  radius  (Roul  =  infinity); 
(b)  peak  wiggler  field  as  a  function  of  normalized  outer  radius  (Rin/>kv  —  0.16). 


can  be  seen  in  Fig.  3b  that  when  Rout  reaches  one 
period  in  length,  the  field  begins  to  saturate.  It  is 
shown  in  Fig.  3a  that  a  transverse  field  approaching 
1.2  T  can  be  achieved  with  this  type  of  wiggler,  i.e., 
roughly  half  the  saturation  magnetization.  The 
general  variations  of  wiggler  field  magnitudes 
shown  in  Fig.  3  are  similar  to  results  in  Refs.  [1-3]. 


3.  Comparisons  between  analytic  solution 
and  POISSON  simulation 

The  2D  code  POISSON  was  used  to  study 
characteristics  of  the  wiggler,  and  results  were 
compared  with  the  3D  analytical  solution.  In 
POISSON,  an  internal  B-H  table  is  built  in  for 
1010  low  carbon  steel,  which  has  a  saturation  mag¬ 
netization  of  2.05  T.  To  compare,  a  saturating  field 
was  applied  in  the  POISSON  simulation  and  the 
2.05  T  saturation  magnetization  was  used  in  the 
analytical  solution  Eq.  (3)  for  the  examples  shown 
here.  Fig.  4  shows  normalized  wiggler  field 
strengths  as  functions  of  the  variables.  It  should  be 
noted  that  the  normalization  factor  used  for  the 
POISSON  simulation  results  as  approximately  1.4 
times  the  normalization  factor  for  the  analytical 
solution  results  as,  for  the  same  geometry,  the 
POISSON  simulation  always  gives  a  higher  field. 
This  is  possibly  due  to  the  different  dimensionality 
used  in  these  two  models.  Nevertheless,  there  are 
discrepancies  between  the  POISSON  simulations 


and  the  analytic  solution.  In  Fig.  4a,  both  show 
a  fast  drop  as  the  inner  radius  increases.  The  POIS¬ 
SON  simulations  and  the  analytical  solution  agree 
well  in  Fig.  4b.  In  Fig.  4c,  when  the  step  width  to 
period  ratio  is  bigger  than  0.5,  the  POISSON  simu¬ 
lations  agree  well  with  the  analytical  solution,  but 
have  a  big  difference  when  the  ratio  is  smaller  than 
0.5.  In  the  POISSON  simulations,  the  optimal  step 
width  to  period  ratio  is  0.55,  while  in  the  analytical 
solution,  the  optimal  is  0.5.  These  discrepancies  are 
not  surprising  considering  the  different  dimen¬ 
sionality  and  the  very  simplified  model  used  in  the 
analytical  solution. 


4.  Measurements 

Two  helical  wigglers  of  this  type  have  been 
fabricated  from  cold  rolled  steel,  as  shown  in 
Fig.  2a;  one  is  tapered  and  the  other  is  uniform. 
Measurements  of  the  solenoid  field  used  to  magnet¬ 
ize  the  wiggler  show  a  field  uniformity  of  ±0.1% 
for  a  range  of  30  cm.  A  transverse  Hall  probe  was 
moved  along  the  axis  of  the  wiggler  to  measure  the 
field  strengths.  The  x,  y  components  of  transverse 
field  were  measured  by  rotating  the  probe  by  90°. 

Figs.  5  and  6  show  the  measurements  made  on 
the  longer  uniform  wiggler,  which  has  four  periods 
with  a  period  length  of  5.4  cm.  The  step  width  r  is 
taken  to  be  half  the  period  length.  An  important 
difference  between  the  actual  wigglers  and  the 
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step  width  x  / 

Fig.  4.  Comparisons  between  the  2D  code  POISSON  and  the  3D  analytic  approximation  results.  The  axial  field  is  20  kG. 
(a)  Normalized  transverse  field  as  a  function  of  inner  radius.  P0utMw  —  0-38;  (b)  normalized  transverse  field  as  a  function  of  outer  radius. 
Rin/2W  =  0.16;  (c)  normalized  transverse  field  as  a  function  of  step  width  r. 


0  5  10  15  20 


z  (cm) 

Fig.  5.  Measured  transverse  field  profile  along  the  axis. 
2W  =  5.4  cm,  Pin  =  3.2  mm,  Rout  =  19  mm,  Pipe  wall  thick¬ 
ness  =  2.5  mm,  step  width  x  =  2.7  cm,  axial  field  15  kG. 


0  5  10  15  20  25 

Applied  axial  field  (kG) 


Fig.  6.  Measured  peak  wiggler  field  as  a  function  of  axial  field. 
Wiggler  parameters  are  the  same  as  in  Fig.  5. 
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assumed  analytical  model  is  that  the  helical  slots  in 
the  iron  pipe  are  not  cut  through,  but  a  thin  inner 
wall  0.25  cm  thick  remains  to  provide  rigid  mech¬ 
anical  support.  The  POISSON  code  has  been 
modified  for  this  change,  but  to  save  space,  the 
results  are  not  shown  here.  An  effective  inner  radius 
instead  of  the  actual  radius  was  used  in  analytic 
solution  Eq.  (3)  to  approximate  the  influence  of  the 
uncut  wall.  Fig.  5  shows  the  measured  field  profile 
as  a  function  of  axial  distance  with  an  applied  axial 
field  of  1.5  T,  and  Fig.  6  shows  the  measured  peak 
transverse  field  as  a  function  of  applied  axial  field. 
In  Fig.  6,  as  the  axial  field  reaches  1.5  T,  the  iron 
begins  to  saturate,  and  the  wiggler  field  is  thereafter 
insensitive  to  axial  field  strength.  As  shown  in 
Fig.  6,  a  helical  field  of  about  4.7  kG  was  achieved 
with  this  wiggler.  This  value  compares  favorable 
with  the  analytic  prediction  of  4.4  kG  for  the  mea¬ 
sured  1.6  T  cold-rolled  steel  saturation,  when  an 
effective  inner  radius  of  4.0  mm  instead  of  the  actual 
3.2  mm  is  taken.  For  a  similar  wiggler  made  out  of 
vanadium  permendur,  one  can  expect  50%  more 
field  due  to  a  higher  saturation  for  that  material. 

Orbit  considerations  in  SRL  dictate  that  the  wig¬ 
gler  should  be  tapered  gradually  to  a  desired  value 
and  terminated  abruptly.  A  shorter  wiggler  of  3  cm 
period  length  was  fabricated  to  test  field-tapering. 
The  outer  radius  of  this  shorter  wiggler  was  tapered 
from  0.7  cm  to  a  full  radius  of  1.5  cm  in  three 
periods.  Fig.  7  shows  the  measured  transverse  fields 


Fig.  7.  Measured  tapered  wiggler  field  strength  as  a  function  of 
axial  distance.  =  3.0  cm,  Rin  =  5.0  mm,  Rout  =  7-15  mm,  pipe 
wall  thickness  =  2  mm,  step  width  r  =  1.5  cm,  axial  field  =  6  kG. 


of  the  tapered  test  wiggler  as  a  function  of  axial 
position.  It  is  seen  that  a  reasonably  symmetric 
gentle  taper  can  be  achieved. 

5.  Conclusions 

Helical  magnetized  iron  wigglers  for  the  syn¬ 
chrotron  radiation  laser  experiment  have  been 
fabricated  and  tested.  A  handy  analytical  formula 
provides  a  simple,  quick  approach  to  the  prelimi¬ 
nary  design  of  wigglers  of  this  type.  Measurements 
compared  favorably  with  the  analytical  solution. 
A  peak  helical  wiggler  field  of  4.7  kG  has  been 
measured  for  a  cold-rolled  steel  structure  with  a  pe¬ 
riod  of  5.4  cm,  in  a  solenoid  field  of  2  T.  The  effects 
of  tapering  the  structure  were  demonstrated  and 
showed  that  a  reasonably  symmetric  smooth  taper 
is  achievable.  This  configuration  of  helical  iron 
wiggler  has  the  advantages  of  easy  fabrication,  low 
cost,  field  tunability  and  high-field  strengths  for 
short  periods. 
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Abstract 

This  paper  presents  a  conceptual  design  of  a  regenerative  FEL  amplifier  (RAFEL)  as  an  extension  of  the  single-pass 
free  electron  laser  project  at  the  TESLA  test  facility  (TTF)  at  DESY.  The  proposed  scheme  requires  the  additional 
installation  of  only  two  optical  components  for  a  narrow-band  feedback  system  and  is  fully  compatible  with  the  present 
design  and  the  infrastructure  developed  for  the  TTF  FEL  project.  It  would  allow  to  construct  a  tunable  VUY  laser  with 
a  minimum  wavelength  around  60  nm,  a  pulse  duration  of  about  1  ps,  a  peak  power  of  about  300  MW  and  an  average 
power  of  about  25  W.  The  output  radiation  of  the  regenerative  FEL  amplifier  would  possess  all  the  features  which  are 
usually  associated  with  laser  radiation:  full  transverse  and  longitudinal  coherence  and  shot-to-shot  stability  of  the  output 
power.  The  degeneracy  parameter  of  the  output  radiation  would  be  about  10 14  and  thus  have  the  same  order  of 
magnitude  as  that  of  a  quantum  laser  operating  in  the  visible.  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  41.60.Cr;  52.75.Ms;  42.25.Kb 

Keywords:  FEL  Amplifier;  TESLA  test  facility;  DESY 


1.  Introduction 

Free-electron  laser  techniques  provide  the  possi¬ 
bility  to  extend  the  energy  range  of  lasers  into  the 
vacuum  ultraviolet  (VUV)  and  X-ray  regime  using 
a  single-pass  free  electron  laser  (FEL)  amplifier 
based  on  the  self-amplification  of  spontaneous 
emission  (SASE).  A  characteristic  feature  of 
a  single-pass  SASE  FEL  is  its  rather  large  amplifi- 
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cation  bandwidth.  When  the  process  of  amplifica¬ 
tion  starts  from  noise,  it  produces  a  relatively  wide 
spectrum  of  output  radiation  with  only  a  short  lon¬ 
gitudinal  coherence  length.  The  relative  bandwidth 
at  VUV  wavelengths  would  be  of  the  order  of  one 
percent.  Each  radiation  pulse  consists  of  many  inde¬ 
pendent  wavepackets.  The  length  of  each  wave- 
packet  is  much  less  than  the  radiation  pulse  length 
and  there  is  no  phase  correlation  between  them. 

For  many  applications  this  behavior  is  a  serious 
limitation  because,  for  example,  one  would  observe 
large  intensity  fluctuations  behind  a  narrow-band 
monochromator.  Therefore,  the  improvement  of 
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the  longitudinal  coherence  of  VUV  and  X-ray 
FELs  is  of  great  practical  importance.  In  order  to 
obtain  full  longitudinal  coherence  it  is  necessary  to 
seed  the  FEL  amplifier  with  a  sufficiently  narrow 
band  of  radiation  at  a  power  level  well  above  the 
effective  power  of  shot  noise  in  the  electron  beam. 
The  optimum  bandwidth  of  the  seeding  radiation, 
AA/A,  is  related  to  the  pulse  length  az  by  AA/A  = 
X/ncfz.  In  this  paper  we  present  the  seeding  scheme 
based  on  the  concept  of  regenerative  FEL  amplifier 
(RAFEL)  [1]  which  will  be  incorporated  into  the 
FEL  project  at  the  TESLA  test  facility  (TTF)  at 
DESY  [2]. 

2.  Properties  of  the  TTF  FEL  without  seeding 

The  RAFEL  will  be  installed  at  the  end  of  the 
first  stage  (Phase  I)  of  the  TTF  FEL  project.  During 
this  phase  the  linear  accelerator  will  operate  at 
electron  beam  energies  up  to  390  MeV  and  the  FEL 
will  produce  radiation  with  a  wavelength  down  to 
~  40  nm.  Phase  I  is  intended  to  test  various  novel 
hardware  components  and  to  prove  the  SASE  prin¬ 
ciple  for  the  first  time  at  short  wavelengths.  In 
Phase  II  of  the  project  the  accelerator  will  be  ex¬ 
tended  to  increase  the  electron  beam  energy  to 
more  than  1  GeV  and  to  drive  a  FEL  facility  down 
to  wavelengths  of  a  few  nanometers. 

The  radiation  from  a  high-gain  SASE  FEL  is 
spatially  (or  transversely)  coherent.  The  temporal 
(or  longitudinal)  coherence,  however,  is  poor  due  to 
the  start-up  from  noise.  Consequently,  also  the 
frequency  spectrum  exhibits  a  similar  structure 
(Fig.  1).  It  is  interesting  to  note  that  the  character¬ 
istic  line  width  in  the  frequency  domain  which  is 
determined  by  the  bunch  length,  is  close  to  the 
natural  line  width  of  atomic  core  levels  given  by  the 
lifetime  of  the  excited  states.  If  one  would  select 
such  a  narrow  band  of  radiation  by  a  mono¬ 
chromator  behind  the  FEL,  the  output  intensity 
would  change  from  pulse  to  pulse  with  a  probabil¬ 
ity  distribution  close  to  the  negative  exponential 
distribution  with  the  normalized  standard  devi¬ 
ation  equal  to  1  [3].  On  the  other  hand,  if  seeding 
were  possible,  the  spectral  brilliance  would  be 
much  higher  and  intensity  fluctuations  could  be 
reduced  to  small  level  even  for  the  smallest  possible 


Fig.  1.  Typical  temporal  structure  (a)  and  spectrum  of  the  radi¬ 
ation  pulse  (b)  at  the  exit  of  70  nm  SASE  FEL. 


bandwidth  given  by  the  bunch  length,  providing 
ideal  conditions  for  high-resolution  spectroscopy. 


3.  Regenerative  FEL  amplifier  at  the  TTF 

The  technical  parameters  of  the  VUV  FEL  at 
DESY  are  such  that  it  can  be  easily  extended  by 
a  narrow-band  optical  feedback  system  turning  the 
single-pass  SASE  FEL  starting  from  noise  into 
a  regenerative  FEL  amplifier  [4]  which  could  pro¬ 
vide  fully  coherent,  powerful  VUV  laser  radiation 
continuously  tunable  between  approximately  200 
and  60  nm.  The  installation  of  the  feedback  is 
greatly  facilitated  by  the  fact  that  there  is  free  space 
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Fig.  2.  Layout  of  regenerative  FEL  amplifier  at  the  TESLA  test  facility. 


available  for  the  optical  components  at  exactly 
twice  the  distance  between  two  electron  bunches 
when  the  accelerator  is  operated  in  a  9  MHz  multi¬ 
bunch  mode.  The  schematic  layout  of  the  feedback 
system  is  shown  in  Fig.  2.  The  optical  system  con¬ 
sists  of  only  a  mirror  and  a  grating,  because  one  can 
use  optical  components  with  good  reflectivity  near 
normal  incidence.  SiC  appears  to  be  particularly 
well  suited  for  the  energy  range  of  the  Phase  I  facil¬ 
ity  (see  Fig.  3).  This  material  has  excellent  thermal 
properties  such  that  surface  distortions  by  the  aver¬ 
age  absorbed  power  are  negligible.  A  simple,  far  too 
pessimistic  estimate  shows  that  the  high  peak 
power  should  also  not  pose  a  serious  problem.  If 
the  energy  absorbed  per  pulse  were  transformed 
into  heat  within  the  same  absorption  volume,  the 
temperature  would  increase  by  about  1000  K  -  far 
too  little  to  cause  laser  ablation. 


Fig.  3.  Reflectivity  of  SiC  and  Pt  at  normal  incidence  calculated 
from  the  optical  constants  using  REFLEC  [5]. 


Parameters  of  RAFEL  are  presented  in  Table  1. 
The  RAFEL  at  the  TESLA  test  facility  operates 
as  follows.  The  first  bunch  in  a  train  of  up  to  7200 
bunches  amplifies  shot  noise  and  produces  intense, 
but  wide-band  radiation  as  shown  in  Fig.  1. 


Table  1 

Parameters  of  the  RAFEL  at  the  TESLA  test  facility 


Parameters  of  the  electron  beam 

Energy 

180-325  MeV 

Charge  per  bunch 

1  nC 

Peak  current 

500  A 

Bunch  length  (RMS) 

250  pm 

Bunch  width  (RMS) 

70  pm 

Energy  spread  (RMS) 

500  keV 

Normalized  emittance  (RMS) 

2  mm  mrad 

Number  of  bunches  per  train 

7200 

Bunch  separation 

111  ns 

Repetition  rate 

10  Hz 

Parameters  of  the  planar  undulator 

Period 

2.73  cm 

Magnetic  gap 

12  mm 

Peak  magnetic  field 

0.497  T 

Length  of  undulator  module 

4.5  m 

Number  of  modules 

3 

Parameters  of  the  feedback  system 

Distance  between  mirrors 

66.4  m 

Monochromator  resolution 

5  x  10-5 

Total  transmission 

L/i 

X 

o 

Parameters  of  the  radiation 

Wavelength 

60-200  nm 

Micropulse  duration  (RMS) 

500  fs 

Energy  in  the  radiation  pulse 

0.36  mJ 

Peak  output  power 

300  MW 

Average  power 

25  W 
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A  fraction  of  the  radiation  is  back-reflected  by 
a  spherical  mirror  using  a  magnification  of  the 
order  of  one.  The  spherical  grating  in  Littrow 
mounting  which  is  installed  in  a  straight  section  in 
the  electron  bunch  compression  area  between  the 
first  and  the  second  accelerator  module,  disperses 
the  light  and  focuses  a  narrow  band  of  radiation 
back  on  the  entrance  of  the  undulator. 

Calculations  show  that  the  aberrations  in  the 
optical  system  can  be  reduced  down  to  the  required 
level  [4].  An  alignment  accuracy  of  about  2  prad  is 
sufficient  for  the  reliable  operation  of  the  optical 
feedback.  The  alignment  of  the  system  can  be  made 
by  conventional  surveying  techniques  reducing  the 
number  and  the  values  of  free  parameters  to  a  min¬ 
imum.  This  should  allow  one  to  achieve  the  opti¬ 
mum  overlap  between  photon  and  electron 
bunches  within  10  to  20  steps  in  either  direction  of 
the  grating. 

The  bandwidth  of  the  feedback  is  chosen  to 
produce  a  photon  pulse  length  about  four  times 
as  long  as  the  electron  bunch  length  in  order  to 
avoid  effects  from  a  ±  1  ps  time  jitter.  This  re¬ 
quires  a  resolving  power  2/AA  =  2  x  104  at 
X  =  120  nm.  If  the  distance  between  mirror  and 
grating  is  properly  adjusted,  the  monochromatic 
photon  pulse  coming  from  the  first  electron 
bunch  in  the  train  travels  together  with  the  fifth 
electron  bunch.  At  the  entrance  of  the  undulator 
the  overlap  is  optimum  and  the  power  density  of 
the  monochromatic  light  exceeds  that  of  the  shot 
noise  by  about  three  orders  of  magnitude  such 
that  it  is  amplified  to  saturation  on  its  way 
through  the  undulator.  Hence,  the  fifth  and  all 
following  pulses  exhibit  a  narrow  bandwidth  de¬ 
termined  by  the  pulse  length  at  a  nearly  constant, 
saturated  power  level  with  very  little  dependence 
on  the  input  power  of  the  seeding  pulse.  Accord¬ 
ingly,  the  time  evolution  of  the  light  pulse  will  be 
smooth  and  the  radiation  will  be  fully  coherent. 
Since  the  total  saturated  pulse  energy  is  indepen¬ 
dent  of  the  bandwidth  of  the  seeding  radiation 
provided  it  is  smaller  than  the  amplifier  band¬ 
width,  the  spectral  brilliance  of  the  RAFEL  is 
approximately  two  orders  of  magnitude  larger 
than  that  of  the  SASE  FEL. 

The  optical  system  shown  in  Fig.  2  is  only 
intended  to  test  the  seeding  at  short  wavelengths 


and  to  gain  experience  with  the  FEL  operating 
in  the  deep  saturation  regime.  In  order  to  mini¬ 
mize  effort  and  risk,  the  optical  system  has 
been  simplified  as  much  as  possible,  particularly 
in  order  to  facilitate  the  alignment  and  stability 
of  the  system  at  a  distance  of  66.4  m  between 
mirror  and  grating.  The  characterization  of 
the  radiation  will  be  done  by  measuring  the 
intensity  and  the  spectral  distribution  of  the 
photons  scattered  from  a  thin  probing  wire  in  the 
beam. 

If  one  wanted  to  use  the  output  radiation  for 
experiments,  one  would  drill  a  central  hole  into  the 
mirror  M  passing  up  to  90%  of  the  radiation  to  the 
experiment.  However,  the  hole  in  the  mirror  causes 
diffraction  which  dominates  the  propagation  of  the 
light  and  thus  has  to  be  taken  into  account  in  the 
design  of  the  optical  system.  During  a  preliminary 
study  [4]  we  have  investigated  a  similar  system 
with  a  plane  mirror  reflecting  ~  90%  of  the  radi¬ 
ation  to  an  experiment  and  passing  the  central  part 
of  the  beam  through  a  1  mm  hole  to  a  spherical 
mirror.  In  this  study  the  spherical  grating  was  re¬ 
placed  by  a  plane  grating  in  a  combination  with 
a  spherical  mirror  in  order  to  improve  the  optical 
performance  of  the  system  over  a  wider  spectral 
range. 


4.  Present  status 

At  present  the  conceptual  design  of  the  RAFEL 
project  is  finished  and  the  technical  design  of  the 
feedback  system  is  under  way.  The  feedback  system 
will  be  installed  at  the  TTF  site  in  1999.  We  expect 
that  the  experiment  will  start  in  the  beginning  of  the 
year  2000. 
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Abstract 

A  photon-electron  dynamics  laboratory  is  being  proposed  at  National  Tsinghua  University,  Taiwan.  The  mission  of 
the  proposed  laboratory  is  to  conduct  advanced  research  on  free-electron  laser,  inverse  free-electron  laser,  and 
laser-driven  particle  acceleration.  We  discuss  in  this  paper  the  design  study  of  the  Stanford  high  efficiency  FEL  and  the 
reconfigured  Stanford/TRW  wiggler  in  the  proposed  laboratory.  The  Stanford  high  efficiency  FEL  is  to  demonstrate 
a  19%  beam-to-laser  efficiency.  The  reconfigured,  1-m  Stanford/TRW  wiggler  may  serve  as  an  inverse  FEL  that  provides 
1.5-pm  bunched  electrons  for  various  kinds  of  laser-driven  acceleration  experiments.  ©  1999  Elsevier  Science  B.V.  All 
rights  reserved. 


1.  Introduction 

A  photon-electron  dynamics  laboratory  is  being 
proposed  at  National  Tsinghua  University 
(NTHU),  Taiwan.  The  goal  of  the  proposed  labor¬ 
atory  is  to  study  photon-electron  interactions,  in¬ 
cluding  free-electron  laser  (FEL)  and  laser-driven 
particle  acceleration.  Continuation  of  the  Stanford 
high  efficiency  FEL  (HEFEL)  project  [1]  and  re¬ 
suscitation  of  the  Stanford/TRW  FEL  [2]  are 
being  discussed.  The  Stanford  HEFEL  employs 
a  1.35-m,  staggered-array  wiggler,  which  was  de- 
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signed  to  serve  at  the  same  time  as  a  microwave 
re-acceleration  section  for  high  efficiency  opera¬ 
tion.  The  4.8-m  Stanford/TRW  FEL  was  driven  by 
the  Stanford  super-conducting  accelerator  and  op¬ 
erated  both  at  the  visible  and  IR  wavelengths  in  the 
past.  When  using  a  25MeV  electron  beam,  both 
FELs  could  generate  laser  radiation  at  a  ~  10  pm 
wavelength,  if  designed  properly.  We  discuss  in  this 
paper  the  design  of  the  two  FELs  driven  by  a  single 
S-band  RF  linac  in  the  proposed  laboratory. 

Free  electron  lasers,  operated  under  the  self-am¬ 
plified  spontaneous  emission  (SASE)  mode,  are 
promising  for  generating  coherent,  short  wave¬ 
length  radiation  in  the  future.  Alternatively,  if  there 
exits  an  accelerator  that  produces  ultra-short  elec¬ 
tron  bunches,  efficient  coherent  radiation  at  short 
wavelengths  could  be  generated  from  a  compact 
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undulator.  Therefore,  laser-driven  particle  acceler¬ 
ators,  operating  at  optical  wavelengths,  have  been 
actively  studied  recently  [3].  In  an  effort  to  develop 
this  type  of  accelerator,  experimental  study  in 
laser-driven  particle  acceleration  is  one  of  the  ma¬ 
jor  goals  of  the  proposed  NTHU  photon-electron 
dynamics  laboratory.  When  functioning  as  an  in¬ 
verse  FEL  (IFEL)  at  a  10  pm  wavelength,  the  Stan¬ 
ford/TRW  wiggler  could  generate  bunched 
electrons  that  are  suitable  for  testing  various  kinds 
of  laser-driven  acceleration  schemes. 

Fig.  1  shows  the  equipment  layout  of  the  pro¬ 
posed  NTHU  photon-electron  dynamics  laborat¬ 
ory,  where  a  single  S-band  linac  provides  electrons 
to  both  the  HEFEL  and  the  Stanford/TRW 
FEL/IFEL.  The  electron  source  is  a  microwave 
thermionic  gun,  producing  macropulses  of  a  few  ps 
at  a  10  Hz  rate.  When  the  Stanford/TRW  wiggler  is 
configured  as  an  IFEL,  a  C02  laser  modulates  and 
bunches  the  electrons  inside  the  wiggler.  The  bun¬ 
ched  electrons  are  then  used  for  C02  laser  driven 
particle  acceleration  experiments  in  the  down¬ 
stream  beam  line. 

We  discuss  in  this  paper  the  design  issues  of  the 
HEFEL  and  the  Stanford/TRW  FEL/IFEL.  In 
particular,  recent  studies  on  the  IFEL  bunching 
mechanism  are  presented. 


2.  The  high  efficiency  FEL 

In  a  FEL,  electrons  fall  off  synchronism  with  the 
optical  wave  after  giving  away  their  energies  to 
the  optical  fields.  This  desynchronization  limits  the 
FEL  efficiency.  It  is  possible  to  synchronize  the 
electron  and  the  optical  field  over  a  longer  distance 
by  tapering  the  wiggler  field.  Unfortunately,  taper¬ 
ing  the  wiggler  field  has  the  disadvantage  of  reduc¬ 
ing  small  signal  gain  at  FEL  buildup. 

A  novel  scheme  to  enhance  the  FEL  efficiency  is 
to  compensate  the  electron  energy  loss  by  micro- 
wave  re-acceleration  at  FEL  saturation.  The  elec¬ 
tron  beam  essentially  acts  as  a  catalyst  to  convert 
the  microwave  energy  to  the  optical  energy.  By 
adjusting  the  buildup  time  of  the  microwave  accel¬ 
eration  field,  one  can  dynamically  achieve  high 
conversion  efficiency  at  FEL  saturation  while  hav¬ 
ing  high  gain  at  FEL  buildup.  This  novel  scheme 


laser-driven 


Fig.  1.  The  equipment  layout  of  the  proposed  NTHU 
photon-electron  dynamics  laboratory.  An  S-band,  RF  thermi¬ 
onic  gun  provides  electrons  to  a  25  MeV  linac,  which  in  turn 
drives  both  the  Stanford  high  efficiency  FEL  (HEFEL)  and  the 
Stanford/TRW  FEL/IFEL.  The  synchronism  wavelength  is 
10  pm  for  both  wigglers.  The  bunched  electrons  from  the  IFEL 
are  suitable  for  various  kinds  of  laser-driven  particle  accele¬ 
ration  experiments  in  the  down-stream  beamline. 


mm 


superconducting  solenoid  "  60mrn 


iron 

Fig.  2.  The  wiggler/linac  of  the  Stanford  high  efficiency  FEL. 
The  wiggler  field  is  generated  from  a  staggered  iron  array  inside 
a  superconducting  solenoid.  The  structure  not  only  provides  the 
alternating  magnetic  field  for  FEL  operation,  but  also  functions 
as  a  slow-wave  microwave  accelerator  to  maintain  electron 
synchronism  in  the  optical  field. 

imposes  the  need  of  designing  a  combined  wig- 
gler/accelerator  section  for  the  FEL.  The  FEL  wig¬ 
gler  not  only  serves  as  a  magnetic  device  but  also 
functions  as  a  slow-wave  structure  for  particle  ac¬ 
celeration. 

The  Stanford  HEFEL  wiggler  is  a  1.35  m,  stag- 
gered-array  wiggler,  in  which  two  iron  arrays,  dis¬ 
placed  by  a  half-wiggler  wavelength  with  respect  to 
each  other,  are  inserted  inside  a  super-conducting 
solenoid,  as  Fig.  2  shows.  The  iron  poles  deflect  the 
solenoid  field  periodically  in  the  transverse  direc¬ 
tion,  providing  the  wiggler  field  for  FEL  operation. 
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The  longitudinal  magnetic  field  in  the  solenoid  also 
helps  to  confine  the  electron  beam.  With  the  dimen¬ 
sions  shown  in  the  figure,  POISSON  simulation 
predicts  a  peak  wiggler  field  of  5.1  kG  over  a  1.35  m 
wiggler  length  at  a  15  kG  solenoid  field.  The  HEF- 
EL  was  designed  to  radiate  at  a  10  pm  fundamental 
wavelength  when  driven  by  a  25-MeV  electron 
beam.  The  small  signal  gain  is  about  200% 
for  typical  beam  parameters  from  a  S-band  linac 

[4]- 

The  dimensions  of  the  Stanford  HEFEL  wiggler 
were  at  the  same  time  optimized  by  the  computer 
code  MAFIA  for  particle  acceleration.  The  rectan¬ 
gular  iron  head  design  is  optimized  for  obtaining 
a  high  wiggler  field  and  a  good  acceleration  field. 
The  FEL  efficiency  of  the  proposed  microwave 
re-acceleration  scheme  is  given  by 


f*EmL 
Ke  +  EmL 


(1) 


where/  is  the  electron  trapping  fraction,  Em  is  the 
peak  microwave  field  on  the  axis  in  volt/m,  L  is  the 
wiggler/linac  length  in  meters,  and  Ke  is  the  elec¬ 
tron  kinetic  energy  in  electron  volts.  The  numer¬ 
ator  fEmL  is  the  energy  that  the  electrons  obtain 
from  microwave  acceleration  or  equivalently  that 
the  electrons  give  to  the  optical  fields.  With  our 
design  parameters  [1,4].  f  =  84%  after  a  30  cm 
prebuncher,  Em  =  5.1  MV/m,  L  =  1.35  m,  and 
Ke  =  24MV,  the  FEL  efficiency  from  (1)  is  ex¬ 
pected  to  be  19%. 


3.  The  Stanford/TRW  FEL/IFEL 

The  4.8  m  Stanford/TRW  wiggler  consists  of  nine 
equal-length  sections  with  a  wiggler  period 
2W  =  3.56  cm.  Each  section  has  15  wiggler  periods 
and  a  length  of  53.4  cm.  The  wiggler  consists  of 
two  linear  arrays  of  SmCo5  permanent  magnets. 
The  peak  wiggler  field  is  Bwpe ak  =  2.9  kG,  and 
the  wiggler  parameter  aw,  defined  as 
aw  =  0.093  x  Pw>rnls(kG)  x  2c(cm),  is  aw  —  0.68.  The 
wiggler  gap  is  about  1  cm  wide. 

With  a  25-MeV  beam,  the  radiation  wavelength 
is  10  pm.  At  this  wavelength,  the  wiggler  length  is 


limited  by  diffraction.  For  example,  if  the  laser 
radius  need  not  exceed  2  mm  at  either  end  of  the 
wiggler,  the  maximum  length  of  the  wiggler  is  lim¬ 
ited  to  ~  1  m  or  30  wiggler  periods  for  a  confocal 
resonator  configuration.  Since  the  electron  linac  to 
be  used  is  of  the  same  type  as  the  one  driving  the 
Mark  III  infrared  free-electron  laser  [5],  one  may 
estimate  the  small  signal  gain  of  the  1-m  Stan¬ 
ford/TRW  FEL  from  appropriate  gain  scaling. 
When  the  wiggler  length  is  equal  to  twice  the  op¬ 
tical  Rayleigh  length,  the  small  signal  gain  scaling  is 
given  by  [6] 

G0  _  1  cc  iy&A  [j0(£)  _  ji(£)]2  (2) 

y 

where  7e  is  the  electron  peak  current,  Lw  is  the 
wiggler  length,  y  is  the  electron  energy  in  units  of 
the  electron  rest  mass,  and  the  variable  £  is  defined 
as  £  =  tfw/(2(l  +  «w))-  For  the  Mark  III  FEL,  the 
parameters  y  «  85,  aw  =  1.0,  and  Lw  =  108  cm 
gave  a  28%  small  signal  gain  in  experiments. 
Therefore,  the  small  signal  gain  of  a  1-m  Stan¬ 
ford/TRW  wiggler  driven  by  a  25MeV  linac  is 
about  21%,  according  to  the  scaling  law  (2).  The 
gain  scaling  for  the  Stanford/TRW  FEL  could  be 
conservative,  because  the  beam  quality  require¬ 
ments  for  a  long  wavelength  FEL  are  more 
forgiving. 

It  is  possible  to  avoid  the  diffraction  problem  by 
installing  a  waveguide  in  the  Stanford/TRW  wig¬ 
gler.  However,  when  configured  as  an  IFEL,  the 
Stanford/TRW  wiggler  has  a  favorable  length  of 
1  m,  as  will  be  shown  below. 

In  our  design,  the  1-m  Stanford/TRW  wiggler 
may  function  as  an  IFEL  whenever  there  is  a  need 
to  generate  bunched  electron  beams  for  laser- 
driven  particle  acceleration  experiments.  The 
bunching  mechanism  inside  an  IFEL  can  be  best 
understood  from  the  pendulum  equation.  The  high¬ 
est  possible  energy  modulation  for  the  trapped  elec¬ 
trons  is  the  bucket  height  in  the  longitudinal  phase 
space.  Electron  bunching  may  not  occur  efficiently, 
if  the  electron  energy  modulation  is  smaller  than 
electron  intrinsic  energy  spread.  To  avoid  over 
bunching,  the  wiggler  length  must  be  less  than 
a  quarter  the  synchrotron  wavelength,  which  can 
be  seen  from  a  typical  phase  space  diagram.  The 
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Fig.  3.  Electron  phase-space  distribution  for  various  laser  field  strengths.  In  our  simulation,  100  monochromatic  electrons  enter  the  1  m 
Stanford/TRW  wiggler  at  the  synchronism  energy  and  exit  with  energy  modulation  from  the  laser  fields.  The  optimal  bunching  occurs  at 
a  27  MV/m  peak  laser  field. 


synchrotron  wavelength  is  inversely  proportional 
to  the  square  root  of  the  laser  field  strength,  where¬ 
as  the  bucket  height  is  proportional  to  the  square 
root  of  the  laser  field  strength  [7].  Although  the 
electrons  only  need  small  laser  power  to  oscillate 
a  quarter  synchrotron  wavelength  in  a  long  wiggler, 
the  induced  energy  modulation  from  a  long  wiggler 
could  be  relatively  small  compared  to  electron  in¬ 
trinsic  energy  spread.  In  fact,  it  is  straightforward 
to  show  that 

Ay\  =2^  (3) 

y  J max 

where  (Ay/y)max  is  the  bucket  height,  and  Xs  is  the 
synchrotron  wavelength.  Therefore,  to  obtain 
a  large  energy  modulation,  it  is  desirable  to  have 
a  short  synchrotron  wavelength  or  equivalently 
a  short  wiggler  length  at  the  cost  of  a  strong  laser 
field. 

Fig.  3  shows  the  phase  space  simulations  for 
various  laser  field  strengths  in  the  lm  IFEL.  For 
each  simulation  curve,  100  monochromatic  elec¬ 


trons  are  injected  at  the  synchronism  energy  and 
propagate  to  the  end  of  the  lm  Stanford/TRW 
wiggler.  The  vertical  axis  is  the  percentage 
energy  change  from  the  synchronism  energy  and 
the  horizontal  axis  is  the  phase  of  the  pon- 
deromotive  wave.  It  is  seen  that  the  electrons  are 
under-bunched  at  a  5  MV/m  laser  field  and  become 
over-bunched  as  the  laser  field  gradually  increases 
beyond  27  MV/m. 

At  the  optimal  laser  field  strength  27  MV/m,  we 
simulate  2000  electrons  with  0.5%  peak-to-peak 
energy  spread  in  the  IFEL  and  plot  in  Fig.  4a  the 
electron  distribution  versus  distance  at  the  wiggler 
exit.  The  intrinsic  energy  spread  indeed  broadens 
the  electron  bunch  length.  The  histogram  in  Fig.  4b 
shows  that  more  than  50%  electrons  are  bunched 
into  a  1.5  pm  distance  at  the  exit  of  the  1  m  Stan¬ 
ford/TRW  wiggler.  Future  studies  will  include  par¬ 
ticle  debunching  due  to  emittance. 

For  confocal  laser  focusing,  the  mean  laser  area 
is  ~7mm2  for  a  lm  long  wiggler.  Thus  the 
27MV/m  laser  gradient  corresponds  to  6.8  MW 
C02  laser  power,  which  is  fairly  modest. 
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Fig.  4.  (a)  Electron  energy  modulation  versus  distance  at  the  wiggler  exit  for  2000  electrons  with  0.5%  intrinsic  energy  spread.  The 
intrinsic  energy  spread  has  the  effect  of  broadening  the  electron  pulse,  (b)  More  than  50%  electrons  are  bunched  within  a  1.5  pm  distance 
at  the  wiggler  exit. 
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4.  Conclusions 

A  photon-electron  dynamics  laboratory  at  Na¬ 
tional  Tsinghua  University,  Taiwan,  is  being  pro¬ 
posed.  The  mission  of  the  proposed  laboratory  is  to 
conduct  advanced  research  in  novel  FEL  concepts 
and  laser-driven  particle  accelerators.  We  study  in 
this  paper  the  two  FEL  programs  to  be  carried  out 
in  the  proposed  NTHU  photon-electron  dynamics 
laboratory. 

The  Stanford  high  efficiency  FEL  employs 
a  super-conducting  staggered-array  wiggler/linac, 
wherein  the  electron  beam  serves  as  a  catalyst  to 
convert  microwave  power  to  optical  power.  With 
typical  S-band  linac  beam  parameters  at  a  25  MeV 
energy,  our  calculation  showed  19%  beam-to-laser 
efficiency  at  a  10  pm  laser  wavelength.  The  4.8  m 
Stanford/TRW  wiggler,  originally  driven  by 
66  MeV  electron  beams  from  the  Stanford  super¬ 
conducting  accelerator,  can  be  reduced  in  length 
for  FEL  and  IFEL  operation  driven  by  a  25  MeV 
S-band  linac.  With  wiggler  length  =  lm,  a  21% 
small  signal  gain  for  the  Stanford/TRW  FEL  is 
predicted.  When  configured  as  an  IFEL,  the  lm 
Stanford/TRW  wiggler  generates  1.5  pm  electron 
bunches  at  a  laser  field  gradient  of  27  MV/m.  The 
short  electron  bunches  are  suitable  for  various 
kinds  of  laser-driven  particle  acceleration  experi¬ 
ments  and  for  generating  harmonics  of  the  bunch¬ 
ing  wavelengths. 
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Abstract 

A  new  kind  of  e-beam  bunching  enabling  the  production  of  coherent  spontaneous  emission  (CSE)  is  proposed  and 
considered.  It  is  shown  that  an  e-beam  in  passing  through  an  undulator  will  induce  CSE  along  with  incoherent 
spontaneous  radiation  on  the  same  wavelength  if  the  e-beam  transverse  velocity  is  modulated  with  a  spatial  period  twice 
as  long  as  the  radiation  wavelength.  Such  angular  modulated  beams  can  be  regarded  as  alternatives  to  conventionally 
density  modulated  beams  for  CSE  production.  Requirements  for  e-beams  are  similar  in  both  cases.  ©  1999  Published 
by  Elsevier  Science  B.V.  All  rights  reserved. 


1.  Introduction 

It  is  believed  that  only  a  density-modulated 
e-beam  can  produce  coherent  radiation  on 
wavelengths  corresponding  to  the  spatial  phase  pe¬ 
riod  of  the  beam.  It  is  true  for  all  kinds  of  e.b. 
radiation  devices  including  conventional  FELs 
based  on  using  initially  unmodulated  beams. 
Bunching  in  this  case  is  created  by  the  forces  of  the 
radiated  fields,  thus  a  self-bunching  process  devel¬ 
ops.  An  induced  momentum  modulation  trans¬ 
forms  after  some  distance  into  an  e.b.  phase  or 
density  modulation.  Initial  bunching  or  prebunch¬ 
ing  of  the  e-beam  provides  very  strong  enhance¬ 
ment  of  the  FEL  radiation  (see,  for  example  Ref. 
[1]).  If  the  problem  of  short  wavelength  bunching 
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were  resolved,  very  strong  coherent  radiation  sour¬ 
ces  based  on  undulators  [2]  would  be  possible. 
Keeping  in  mind  that  any  new  approach  to  the  e.b. 
bunching  process  at  small  wavelengths  is  desirable 
we  have  considered  a  new  type  of  modulation, 
namely  transverse  e.b.  velocity  modulation,  which 
can  be  pure  transverse  or  mixed  with  longitudinal 
phase  modulation.  Regarding  superradiance  as 
a  test  for  cooperative  properties  of  these  new  beams 
we  have  calculated  the  spontaneous  emission  of 
a  transversely  modulated  beam.  We  show  that  radi¬ 
ation  with  characteristics  typical  for  CSE  [2]  can 
really  be  induced  by  beams  with  no  density  modu¬ 
lation,  and  we  describe  the  main  features  of  it  as 
well  as  requirements  for  e-beam  parameters. 

2.  Superradiance  of  transversely  modulated  beam. 
Qualitative  approach 

Let  us  consider  an  electron  beam  propagating 
through  an  undulator  at  small  angle  a  to  the  z-axis 
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of  the  undulator.  The  average  longitudinal  and 
transverse  electron  velocity  components  at  the  in¬ 
jection  point  are,  respectively,  p0\\  =  /?0cosa  and 
p01  =  p0  sin  a  in  c  units.  We  will  assume  that  the 
conventional  planar  undulator  provides  electron 
velocity  oscillations  along  the  x-direction 

Pi  =  p0j  +  ex  (flwV^/y)  cos  k„z  (1) 

where  P  is  velocity  normalized  to  speed  of  light, 
/cw  =  2n/2w,  Xw  is  the  spatial  undulator  period, 
aw  =  eH0w/23/2nmc2  is  the  rms  undulator  field 
parameter  and  y  is  the  electron  energy  in  units  of 
me2.  In  a  common  case  the  initial  velocities  of 
electrons  poj  are  not  equal  but  have  some  statistical 
distribution  and  can  vary  with  the  time  of  entrance 
into  the  undulator  t0.  Some  bunching  parameters 
can  be  introduced  for  non-uniform  beams 


6|lH  =  ^freiWc>t»/?o||(to)di0! 
1  Jo 


b±(co)  = 


1 


<*T 


ewot°p±0(t0)dt0. 


Here  b\\ (co)  is  the  longitudinal  bunching  parameter 
and  fr±(co)  is  the  transverse  bunching  parameter.  We 
will  be  interested  mostly  in  the  case  when  bL  #  0  for 
some  frequency. 

It  is  known  [3]  that  an  electron  travelling  along 
the  undulating  trajectory  (1)  radiates  spontan¬ 
eously  with  maximum  intensity  at  the  resonance 
wavelength  Xs  depending  on  the  observation  angle. 
For  the  z-axis  direction  this  wavelength  is  given  by 


2S  =  2W(1  +  a2  +  y2a2)/2y2,  A XJX,  =  1/NW.  (2) 


Here  a  =  P±o/Po  is  the  noncollinearity  angle,  A2S  is 
the  spectral  width  and  Nw  is  the  number  of  undula¬ 
tor  periods.  Spontaneous  radiation  of  a  given  fre¬ 
quency  has  a  limited  angular  distribution  with 
angles 


axis  will  have  an  oscillating  wavelength  (2)  depend¬ 
ing  on  the  arrival  time  of  the  electron  at  the  undula¬ 
tor  entrance  and  consequently  on  the  phase  of  the 
radiation  wave.  This  means  that  conditions  for 
cooperative  electron  interaction  and  coherent 
spontaneous  emission  at  some  frequency  will  be 
provided.  We  would  like  to  underline  that  in  this 
case  coherence  is  provided  because  the  radiation 
waves  do  not  interfere  constructively  if  they  are  not 
of  the  same  frequency  and  do  not  propagate  in  the 
same  direction.  This  is  a  key  point  of  this  new 
mechanism  of  CSE.  So  we  can  imagine  that  the 
transverse  modulated  beam  consists  of  some  den¬ 
sity  modulated  angular  modes  having  their  own 
direction  of  propagation  defined  by  average  angles 
a  of  the  modes.  Any  collinear  (a  =  0)  or  noncol- 
linear  (a  /  0)  mode  can  be  considered  as  a  partial 
density  modulated  electron  beam  consisting  of 
a  train  of  microbunches  of  respective  wavelength. 
With  this  approach  we  can  easily  make  a  con¬ 
clusion  about  the  main  features  of  the  radiation 
emitted  by  the  transversely  bunched  electron  beam. 

For  sake  of  simplicity  we  consider  a  thin  quasi 
monochromatic  e-beam  with  Ay/y«l/Nw  and  dia¬ 
meter  de  <  (2siVwAw)1/2,  and  we  analyze  spontan¬ 
eous  radiation  emitted  along  the  z-axis  (at  zero 
angle  with  respect  to  average  e.b.  velocity).  For  this 
“collinear  geometry”  the  effect  of  transverse  bunch¬ 
ing  on  CSE  should  be  more  evident. 

From  plain  physical  analysis  it  follows  that  CSE 
of  a  transversely  bunched  beam  should  have  the 
following  characteristics: 

1.  The  total  radiation  intensity  is  proportional  to 
b2(eoh)N2  where  iVe  is  the  total  number  of  elec¬ 
trons  in  the  entire  bunch  length  Lb  and  b(coh)  is 
the  bunching  Fourier  component. 

2.  If  the  undulator  is  tuned  to  a>s  then  the  max¬ 
imum  of  CSE  intensity  in  the  forward  direction 
is  reached  at  a  bunching  frequency  a>b  =  cos/ 2. 

3.  The  frequency  spread  of  CSE  is  of  the  order 


6  <  1/yN112  .  (3) 

Suppose  that  the  bunching  parameter  is  ^±(cOb)  #  0. 
This  means  that  P± 0  and  hence  a  has  some  non¬ 
vanishing  harmonic  component  at  frequency  c ob.  As 
a  result,  radiation  at  zero  angle  to  the  undulator 


Acos/cos  —  1/(NW  +  nb  —  1)  (4) 

where  nb  =  Lbcob/nP\i  is  the  number  of  micro¬ 
bunches  in  the  e.b.  bunch. 

4.  The  electron  beam  angular  spread  should  be 
limited  for  the  CSE  to  be  intense.  This  limit  can 
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be  found  from  Eqs.  (2)  and  (4) 

ae  <  [(1  +ai)/{Nw  +  nb  -  l)]1'2/?-  (5) 

Note  that  for  nb»iVw  limit  (5)  is  lower  than  that 
following  from  Eq.  (3)  for  short  bunches. 

5.  A  strong  decrease  of  the  CSE  effect  is  expected 
also  if  the  angular  bunching  amplitude  a10  ex¬ 
ceeds  the  limit  in  Eq.  (5). 

One  more  comment  is  needed  on  the  problem  of 
production  of  the  transversely  modulated  beams. 
From  dynamics  relations  dp±  =  mydv±  and  dpy  = 
my3  dv  one  can  see  that  the  transverse  velocity  can 
be  changed  by  the  weaker  forces  than  the  longitudi¬ 
nal  one.  In  the  optical  wavelength  range,  transverse 
modulation  can  be  provided,  for  example,  by  the 
fields  of  a  moderate  intensity  laser  [4]. 


3.  Radiation  of  transversely  bunched  beams. 
Analytical  approach  and  numerical  results 

To  demonstrate  that  the  transverse  modulation 
of  e.b.  is  really  efficient  for  CSE  production  we  will 
make  more  precise  calculations.  For  the  above- 
mentioned  routine  planar  undulator  the  electron 
trajectory  can  be  written  in  the  form 

xj  =  Ax  sin  cow(£  -  t0)  +  Px0f(t  -  t0)  +  x0j, 


yj  =  PyoAt  - 10)  +  yop 


Zj  =  Bzc(t  -  to)  -  Az  sin  2 mw(t  -  t0) 


-  Axp0xf  sin  mw(t  -  t0)  (6) 

where  Ax  =  ^/ia^c/yco^,  Az  =  a2c/4ycow,  Bz  =  1  — 
(1  +  flw)/2y2  —  filo/2,  £lo  =  Plo  +  Pyo>  Ww  is 
2tt/?||C//Iw  and  t0  is  the  time  of  electron  j  entering  the 
undulator  at  the  point  (x0j,y0j).  The  H(0  component 
of  the  radiation  field  can  be  calculated  using  the 
classical  formulae  [5,6] 

H0)  =  (ea>/R0c2) Jdt[«  x  r;(t)]  exp[ico(t  —  rj(t)  •  n/c) ] 

(V) 


where  «(sin  6  cos  cp ,  sin  6  sin  cp ,  cos  0)  is  the  unit 
vector  k/\k\,  A:  is  a  wave  vector,  Vj(t)  is  the  velocity  of 
the  electron  defined  by  Eq.  (6)  and  R0  is  the  dis¬ 
tance  to  a  radiation  detector.  For  small  transverse 
electron  deviations  and  the  small  detection  angle 
defined  by  the  inequalities  ajy«\,  /?0±«  y0«l 
the  field  harmonic  (7)  takes  the  form 


eco 


Ha  =  hj-p  2AX  exp  \<poj  X  VJ&  1) 


m,n  -  —  oo 


-  ["p  2g>'*''1  ~ 11  (8) 

U] 


where  h  =  ex  cos  9  —  ez  sin  6  sin  (p,  (poj  =  co(t0  — 
roj  sin  6/c\  Jm{£)  is  an  mth  order  Bessel  function, 
=  Azcd  cos  O/cy,  %2  =  (Axco/c)(J3x0  —  sin  6  cos  (p\ 
r]  =  (co/2y2cow)[l  +  a2  +  y2a2  —  (2m  +  n  +  1)],  a  is 
a  noncollinearity  angle,  which  for  small  observa¬ 
tion  angles  6  takes  the  form  a  =  [/?i0  — 
2 6{p0x  cos  cp  +  p0y  sin  cp)  +  02]1/2.  The  formulae 
(8)  enables  definition  of  the  radiation  field  for 
any  initial  conditions  relating  to  electron  pri¬ 
mary  coordinates  and  velocities  at  the  undulator 
entrance.  The  field  induced  by  the  beam  bunch 
can  be  found  by  the  respective  summation  of  the 
electron  fields  (8)  with  taking  into  account  the  in¬ 
itial  transverse  conditions  and  phase  <p0  for  each 
electron. 

With  the  purpose  of  getting  more  detailed  in¬ 
formation  on  the  transverse  bunching  effect  we  will 
introduce  a  model.  According  to  this  model  the 
transverse  velocities  of  all  electrons  are  modulated 
on  the  same  frequency  so  that  at  the  undulator 
entrance  they  are  described  as 


hoj  =  b±0j  +  sin  cobt0  (9) 

where  b10j  are  primary  electron  velocities  (statist¬ 
ically  distributed  in  the  common  case  according  to 
beam  emittance)  and  axo  is  the  amplitude  of  regular 
angular  modulation.  At  small  angular  divergence  of 
the  e-beam  providing  |/?10| « 1/y^/iV^  sensitivity  to 
the  transverse  bunching  is  very  high.  It  can  be  seen 
from  the  formulae  obtained  for  the  peak  intensity  of 
radiation  (per  unit  frequency  range  and  unit  solid 
angle  near  resonant  frequency  cos)  emitted  at  the 
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angle  6  =  0 


d  I 

d co  d£2 


e2  (  co 

8c\cow 


2/72 

% 


VoiZJ-JitfiWlN'l 


n2NiNey*a401 

1  l6*(l  +  aw  +  y2Po±)2, 


(10) 


It  is  seen  that  one  part  proportional  to  N2  is  pre¬ 
sented  if  a10  0. 

For  more  detailed  analysis  numerical  calcu¬ 
lations  were  made.  Results  are  presented  in  the 
figures.  The  following  parameter  values  were  used 
for  the  calculations: 


Nw  =  100,  Ne  =  109,  2W  =  5  cm,  y  =  100, 

aw  =  1,  Xs  =  5  x  10-4  cm,  cob  =  7tc/As. 

The  density  function  of  the  beam  was  taken  in  the 
form  valid  for  the  fi\\ct0  interval  —  a  —  o 

s(t0)  =  iVe[cos(rc/?n  t0/&)/<T  +  l]/2  a  (11) 

where  cr  is  a  length  parameter  of  the  bunch.  Para¬ 
meters  a10  and  a  are  shown  in  the  figures.  Some 
calculations  (Figs.  1  and  2  )  were  made  for  a  well 


Fig.  1.  Frequency  spectra  of  coherent  ( Icoh )  and  incoherent  ( Jinc ) 
radiation  versus  bunch  length  cr.  Here  as  well  as  in  all  other 
figures  below  the  intensity  is  normalized  to  the  maximum  of 
spontaneous  radiation  and  frequency  is  expressed  in  XJ2y2),s 
units.  1  -  cr  =  1002s;  2  -  a  =  2002s;  3  -  cr  =  4002s;  4  -  <r  =  600>ts. 


Fig.  2.  Radiation  frequency  spectra  versus  transverse  velocity 
modulation  amplitude  for  cr  =  0.1  cm  1  -  a10  =  0.01/y; 
2  -  a10  =  0.1/y;  3  -  axo  =  0.25/y. 


collimated  e-beam  with  b10j= 0  for  all  electrons  of 
the  bunch.  Estimation  of  the  e-beam  angular 
spread  influence  on  CSE  (Fig.  4)  was  found  by 
averaging  radiation  field  strength  (8)  over 
b_Loj(bxo,  byo)  parameters  within  the  limits  shown. 
This  averaging  as  well  as  averaging  over  t0  was 
made  by  the  respective  integration  of  the  field  (8) 
over  these  parameters. 

Fig.  1  presents  frequency  spectra  of  coherent  and 
incoherent  spontaneous  radiation  emitted  at  zero 
angle  6  =  0  with  different  bunch  lengths  a  and 
a  well  collimated  e-beam  (b10j  =  0).  The  same 
modulation  amplitude  a10  =  0.0 1/y  was  used.  All 
intensities  are  expressed  in  units  of  maximal  value 
of  the  incoherent  intensity.  It  is  seen  that  the  fre¬ 
quency  width  decreases  with  increasing  <j  in  ac¬ 
cordance  with  Eq.  (4).  Incoherent  spontaneous 
spectra  are  all  of  the  same  shape  (does  not  depend 
on  bunch  length).  The  maximum  Icoh  is  also  the 
same  for  all  these  cases  and  equal  to  1.54  x  104  in 
agreement  with  the  above  formulae  (10). 

Fig.  2  shows  the  dependence  on  the  bunching 
amplitude  a10  for  a  fixed  bunch  length  a  =  0.1  cm. 
It  is  seen  that  the  peak  value  of  the  CSE  is  decreas¬ 
ing  with  increasing  aL0.  This  can  be  explained  by 
more  intense  radiation  at  larger  angles  6  when 
a10  increases.  The  frequency  width  of  the  CSE  is 
still  small  as  Eq.  (4)  predicts.  The  frequency  spread 
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line 

(rcl.  units) 


0  .y 

Fig.  3.  Angular  distribution  for  coherent  and  incoherent  radi¬ 
ation  versus  modulation  amplitude:  1  -  a10  =  0.01/y; 

2  -  a10  =  0.1/y;  3  -  a10  -  0.25/y. 

of  the  incoherent  radiation  becomes  larger  due  to 
modulation  of  the  noncollinearity  angle  in  Eq.  (2) 
defining  the  resonance  frequency. 

In  Fig.  3  the  angular  distributions  of  the  radi¬ 
ation  at  the  resonance  frequency  are  given.  One  can 
see  that  both  coherent  and  incoherent  radiation 
have  equal  angular  sizes  independent  of  the  trans¬ 
verse  modulation  amplitude  in  full  accordance  with 
Eq.  (3). 

Fig.  4  presents  radiation  intensities  correspond¬ 
ing  to  the  fields  averaged  over  random  distribu¬ 
tions  of  the  initial  transverse  velocities  b10.  The 
modulation  amplitude  is  a10  =  0.01/y.  It  is  seen 
that  the  CSE  is  not  destroyed  if  the  angular  beam 
spread  does  not  exceed  the  modulation  angles 

(^10  <  0±o)- 

4.  Discussion  and  conclusion 

The  analytical  and  numerical  results  presented 
above  clearly  show  that  transversely  bunched  elec¬ 
tron  beams  induce  both  routine  spontaneous  radi¬ 
ation  and  coherent  radiation  with  high  intensity, 
low  frequency  spread  and  small  angular  divergence 
typical  for  CSE.  This  radiation  is  adequate  to  CSE 
of  density  modulated  beams.  It  means  that  trans¬ 
verse  velocity  modulated  beams  can  be  used  for 
efficient  production  of  CSE  in  undulators  or  pre¬ 


Fig.  4.  Frequency  spectra  versus  amplitudes  of  beam  angular 
spread:  1  -  b10  =  0.01/y;  2  -  bL0  —  0.1/y;  3  -  bxo  =  0.25/y. 


bunched  FEL  devices.  The  respective  requirements 
for  the  electron  beam  quality  are  not  more  severe 
than  those  for  the  case  of  using  a  density  modulated 
beam  or  for  conventional  FEL  devices.  Rather 
small  transverse  bunching  amplitudes  are  required 
(a_L  <  l/y^/N).  Being  in  this  sense  an  alternative  to 
the  usual  density  modulated  beams  transverse 
modulated  beams  can  be  more  easily  produced  in 
real  experiments  and  can  be  considered  as  a  good 
prospect  for  creation  of  high  intensity  superradiant 
sources. 
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Abstract 

We  propose  in  this  paper  the  use  of  the  dissipative  instability  of  an  electron  beam  in  a  gas  with  resonant  dielectric 
susceptibility  as  a  possible  mechanism  for  beam  bunching  at  optical  wavelengths.  ©  1999  Elsevier  Science  B.V.  All 
rights  reserved. 
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One  of  the  proposed  ways  to  enhance  the  effi¬ 
ciency  of  FEL  operation  is  the  use  of  pre  bunched 
beams.  In  this  paper  we  intend  to  consider  a  new 
concept  for  short-wavelength  bunching  of  an  elec¬ 
tron  beam  which  is  based  on  the  dissipative  insta¬ 
bility  of  a  beam  in  a  gas  at  a  resonant  absorption 
frequency  of  the  gas  [1-3]. 

The  problem  in  question  is  also  interesting  for 
gas-loaded  FEL  physics.  The  key  principle  of  gas- 
loaded  FELs  is  that  a  dielectric  medium  is  intro¬ 
duced  into  the  interaction  region  (undulator)  to 
alter  the  synchronism  condition.  As  a  result, 
the  eigenwave  of  the  electrodynamic  system  is 
slowed  down  with  a  coefficient  of  ~  y/s.  In  this 
conventional  scheme  the  non-resonant  part  of  the 
dielectric  susceptibility  is  used.  However,  the  non¬ 
resonant  gas  dielectric  susceptibility  is  usually  close 
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to  unity,  so,  to  have  a  reasonable  effect,  one  must 
use  a  gas  at  rather  high  pressure,  of  the  order  of  one 
atmosphere  or  higher  [4].  This  necessity  leads  to 
considerable  problems  in  beam  transport  [5,6].  On 
the  other  hand,  the  resonant  part  of  the  dielectric 
susceptibility  can  be  very  high  even  at  rather  low 
pressures  ( ^  1  Torr),  which  are  optimal  with  re¬ 
spect  to  beam  transport.  However,  the  eigen  elec¬ 
tromagnetic  mode  of  the  system  becomes  rapidly 
damped  due  to  absorption,  and  lasing  in  the  con¬ 
ventional  gas-loaded  FEL  schemes  becomes  im¬ 
possible. 

An  alternative  approach  can  be  developed  on  the 
basis  of  the  beam  dissipative  instability  which 
arises  at  resonant  frequencies  in  a  gas.  The  instabil¬ 
ity  is  absent  for  transparent  media,  and  the  growth 
rate  is  determined  by  the  imaginary  part  of  the  gas 
dielectric  susceptibility.  The  possibility  of  optical- 
wavelength  bunching  of  the  electron  beam 
propagating  in  the  gaseous  medium  was  suggested 
for  the  first  time  in  Ref.  [1].  The  new  concept 
of  a  high-power  short-wavelength  FEL  oscillator 


0168-9002/99/$ -see  front  matter  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 
PH:  S0168-9002(99) 00 129-1 


LV.  Smetanin,  A.N.  Oraevsky  / Nuclear  Instruments  and  Methods  in  Physics  Research  A  429  (1999)  440-444 


441 


(resotron),  which  is  based  on  the  effect  of  amplifica¬ 
tion  of  electromagnetic  wave  by  the  electron  beam 
near  the  surface  of  resonantly  absorbing  material, 
was  developed  in  Ref.  [2,3]. 

In  this  paper,  the  gas-loaded  resotron  concept 
[2,3]  is  discussed.  In  this  concept,  the  magnetically 
guided  electron  beam  moves  in  a  waveguide  filled 
with  a  resonant  gas.  We  show  that  in  such  a  system 
a  bunching  of  the  electron  beam  along  with  an 
amplification  of  an  electromagnetic  wave  at  optical 
(from  far  infrared  to  visible)  frequencies,  corre¬ 
sponding  to  the  gas  absorption  line,  are  possible. 
The  amplification  mechanism  is  the  radiative  dissi¬ 
pative  instability.  It  will  be  shown  that  rather  high 
gain  coefficient  can  be  realized.  The  oscillation  fre¬ 
quency  and  the  bunching  period,  are  determined 
mainly  by  the  gas  medium’s  resonant  frequency 
and  do  not  depend  strongly  on  the  beam  electron 
energy.  As  a  result,  oscillation  and  bunching 
at  optical  wavelengths  are  possible  using  high- 
current  low-voltage  electron  beams.  The  use  of 
low-energy  beams  is  not  crucial  in  the  scheme 
proposed.  However,  the  instability  growth  rate 
and  the  gain  scales  with  the  beam  energy  as 
<++>  y  and  thus  drops  rather  rapidly  with  elec¬ 
tron  energy. 

Let  us  consider  the  process  of  co-propagation  of 
the  relativistic  electron  beam  and  an  electromag¬ 
netic  wave  in  a  waveguide,  which  is  filled  with  a  gas 
of  dielectric  susceptibility  e  =  Si  +  i e2,  e2>0.  Wq 
intend  to  find  conditions  under  which  the  amplifi¬ 
cation  of  the  signal  electromagnetic  wave  with 
a  frequency  corresponding  to  the  gas  absorption 
line  becomes  possible.  To  be  precise,  we  will  con¬ 
sider  the  case  of  TM0„  wave  in  the  cylindrical 
waveguide  of  radius  a,  so  the  wave  fields  compo¬ 
nents  are  (E^E^H^GXpDihz  —  cot)].  The  relativistic 
electron  beam  of  initial  density  n0,  velocity  v0  and 
energy  y  penetrates  in  the  z-direction.  To  provide 
the  coupling  between  the  beam  and  the  wave, 
a  guiding  magnetic  field  H0  is  applied  along  the 
waveguide  (z-)axis. 

We  will  consider  the  small-signal  operation 
regime.  To  the  first  order  with  respect  to  pertur¬ 
bations  caused  by  the  signal  wave,  we  have 
for  high-frequency  perturbations  of  electron 
velocity,  (<5t>r,i^,^^z)exp[i(/rz  —  cot)],  the  following 
relations: 
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Here  coc  =  eH0/myc  is  the  cyclotron  frequency.  To 
get  simple  analytical  qualitative  results,  we  will 
restrict  our  consideration  to  the  limiting  case  of  an 
infinite  guiding  magnetic  field,  emerging  under  the 
condition 


|  hv0  —  co\ 

under  which  transverse  components  of  the  electron 
velocity  vanish.  It  will  be  shown  below  that  the 
solution  is  of  the  order  hv0  —  co  ~  Qh ,  where 
Qh  =  4nn0e2/my3c  is  the  beam  plasma  frequency. 
Then  the  condition  (2)  takes  the  form 
H0  P  4nj(Py2c)~\  where  j  is  the  beam  current  den¬ 
sity.  Assuming  for  example  y  =  3J  =  5  kA/cm2,  we 
have  H0  P  700  G,  a  rather  reasonable  value. 

In  the  cold  beam  limit  (hydrodynamic  approxi¬ 
mation),  the  current  and  density  perturbations  at 
signal  frequency  are 


econ0 
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and,  after  substitution  in  Maxwell  equations,  we 
derive  by  the  conventional  procedure  the  equations 
for  the  high-frequency  field  components 


v  _  ■  h  d£-  _eco 

E'~  h2-eco2/c2  dr’  *  he  r' 

Here  the  transverse  wave  number  k  is 
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(4) 
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Thus,  the  transverse  dependence  of  the  longitudi¬ 
nal  component  of  the  wave  electric  field  amplitude 
is  guided  by  the  usual  formula,  Ez  ~  Jo{kt),  where 
J0(x)  is  the  zero-order  Bessel  function.  Taking  into 
account  the  boundary  conditions  on  the  waveguide 
walls  (which  assumed  to  be  perfect),  we  find  the 
dispersion  equation 


On 

a 


(5) 


where  a„  is  the  nth  root  of  the  Bessel  function, 

JoM  =  0. 

This  dispersion  equation  has  two  pairs  of  solu¬ 
tions.  It  is  easy  to  understand  it  from  the  considera¬ 
tion  of  the  limiting  case  of  infinite  waveguide 
radius,  an/a  -►  0  [1] 
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=  0. 


The  first  pair  of  solutions,  h2  =  £eo2/c2,  corres¬ 
ponds  to  the  free  electromagnetic  wave  in  a  gas. 
If  the  wave  frequency  coincides  with  the  gas  re¬ 
sonant  absorption  line,  these  modes  become 
rapidly  damped  within  a  few  wavelengths, 
Im  h~  (co/c),/( |e|  -  et)/2  ~  (l/2)(e2/£1)1/2co/c).  The 
second  pair  of  solutions  satisfy  the  following  dis¬ 
persion  equation  [1]: 


The  most  interesting  is  the  second  pair  of  solu¬ 
tions,  which,  in  analogy  with  Eq.  (6),  is  expected  to 
be  near  the  point  hv0  —  co  ~  Qh  co.  As  even  in  the 
far  infrared  region  co  exceeds  Qh  by  a  few  orders  of 
magnitude,  one  can  assume  h  =  co/v0  +  Sh , 
Sh  co/v0y 2,  and  we  have 
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Here  k0  =  co/c  is  the  vacuum  wave  number,  and 
P  =  v0/c.  These  are  the  fast  and  the  slow  (with 
respect  to  the  beam  electrons)  waves,  the  phase 
velocities  of  which  are  close  to  the  electron  velocity 
v,  and  thus  the  energy  exchange  between  the  waves 
and  the  electron  beam  becomes  very  effective.  As 
a  result,  fast  wave  attenuation  and  slow  wave  am¬ 
plification  occurs,  with  the  following  increment 
(a)  in  the  case  of  rather  low  gas  pressure 

((«i  - 1),«2  <  y~2) 
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(b)  in  the  opposite  case  of  rather  high  electron 

energy  ((«!-!), £2^>r'2), 


Im  5h  ~  ^1  1  + 
2tv 


(9) 


(co  -  hv0)2  =  (2 S/e  (6) 

The  solution  to  this  equation  is  h  =  (co/v 0)  + 
Qh/{v0y/e),  which  represents  two  waves,  fast  and 
slow  with  respect  to  the  electron  beam,  one  of 
which  (slow)  is  growing  Im  h  «  (£b/t?0)>/(|£|  —  %j/2. 
It  is  easy  to  see  that  these  are  the  potential  waves, 
corresponding  to  space  charge  waves. 

In  the  more  general  case  of  finite  waveguide  size, 
the  first  pair  of  solutions  of  Eq.  (5)  is  near  the  points 
h  ~  yj £0)2/c2  —  alia2,  which  corresponds  to  the 
rapidly  damped  eigenwaves  of  the  waveguide  in  the 
absence  of  an  electron  beam.  To  provide  coupling 
of  these  modes  with  the  beam,  one  should  use 
rather  high  gas  densities  to  match  their  phase  vel¬ 
ocities  with  the  electron  velocity  (Cherenkov  inter¬ 
action).  However,  the  lasing  or  banching  become 
possible  only  when  the  Cherenkov  gain  exceeds 
Im  h,  that  seems  to  be  very  hard  to  realize. 


Note  that  for  a  waveguide  of  radius  a  few  mil¬ 
limeters,  and  for  an  IR  signal,  the  inequality 
k0a  a„y  easily  holds  for  low-energy  relativistic 
beams. 

The  bunching  period  is  thus  ~  2rc(Re  h)~  \  and, 
assuming  the  beam  frequency  is  small  compared  to 
co,  is  of  the  order  of  the  wavelength  2nc/co. 

Relations  (8)  and  (9)  show  the  amplification  in 
the  scheme  discussed  is  fundamentally  determined 
by  the  absorption  properties  of  the  medium  at  the 
frequency  of  the  signal.  Really,  the  instability  is 
absent  for  the  transparent  (s2  ->  0)  medium.  The 
physical  origin  of  this  amplification  mechanism  is 
in  the  electron  beam  dissipative  instability  [2,3]. 
The  above  solutions  correspond  to  the  fast  and 
slow  space  charge  waves,  the  slow  one  is  the  wave 
of  negative  energy  and  thus  is  unstable  due  to  the 
presence  of  dissipation  (i.e.,  absorbing  medium)  in 
the  system. 
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It  is  worth  stressing  that  the  resotron  scheme 
under  discussion  differs  drastically  from  conven¬ 
tional  Cherenkov  devices  (see  details  in  Refs.  [2,3])- 
In  the  conventional  schemes,  the  amplification  oc¬ 
curs  at  the  resonance  condition,  that  is,  the  velocity 
of  electrons  is  close  to  the  phase  velocity  of  the 
eigen  wave  of  the  electrodynamic  system.  In  con¬ 
trast,  in  the  scheme  under  discussion  the  eigen- 
waves  of  the  system  without  the  electron  beam  are 
rapidly  damped.  The  mode  amplified  is  the  combi¬ 
nation  of  the  radiated  electromagnetic  wave  and 
the  potential  wave  caused  by  the  longitudinal  den¬ 
sity  wave,  so  the  resonance  with  the  beam  is  an 
intrinsic  property  of  the  resotron.  Note  that  the 
beam-signal  synchronism  arises  automatically. 
Contrary  to  the  Cherenkov  mechanism,  the  effect 
under  discussion  has  no  threshold  with  respect  to 
the  beam  velocity  (i.e.,  beam  energy). 

The  above  consideration  was  carried  out  in  the 
case  of  monoenergetic  electron  beam.  To  determine 
the  limit  for  this  cold  beam  approximation  the 
kinetic  Vlasov  equation  should  be  analyzed.  As¬ 
suming  the  perturbation  of  electron  distribution 
function  3f  driven  by  the  signal  amplified  to  be 
small  in  comparison  with  its  unperturbed  value 
f0  the  solution  of  Vlasov  equation  results  in  the 
following  relations  (instead  of  relations  (3))  for  am¬ 
plitudes  of  beam  current  and  density  perturbations 
at  signal  frequency 
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At  the  regime  of  high  gain  (or  long  interaction 
distances  L),  we  have  Im (Shz)  >  1  throughout  al¬ 
most  the  entire  amplification  length,  and  exponents 
on  the  right-hand  sides  of  Eqs.  (10)  are  vanishing. 
The  restriction  for  the  electron  energy  spread  is 
thus  independent  on  the  length  of  the  device  and 
found  to  be  of  the  standard  form  [7] 
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Note,  that  in  the  opposite  limit  of  low  gain  (or  short 
distance  L)  Im  3hL  <  1  the  energy  spread  restric¬ 
tion  becomes  dependent  on  L,  and  this  dependence 
is  rather  complex. 

The  linear  (small-signal)  approximation  accepted 
in  the  present  analysis  is  valid  as  long  as  the  per¬ 
turbations  of  variables  are  small  enough,  3jz/jz  <  1, 
3n/n0  <  1  that  results  in  an  estimation  of  wave  field 
strength  limiting  amplitude  as 

Ez~^(fo-a>)2.  (12) 
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When  the  electron  beam  propagates  in  a  gas,  the 
electrons  suffer  collisions  that  lead  to  the  changes  in 
their  energy  and  beam  emittance.  The  optimum  gas 
pressure  is  thus  restricted  by  the  violation  of  the 
condition  (11)  due  to  collisions.  To  estimate  this 
effect,  one  can  use  relations  [5,6]  for  the  electron 
energy  losses 
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and  emittance  growth 

dQ  4nR2c2hc 
dz  e 2 


(14) 


Here  R  is  the  beam  radius,  N0  the  gas  density,  Z  the 
effective  nuclear  charge  of  gas  molecules,  Wr  ~  13 
eV,  and  2r  the  electron  Bremsstrahlung  radiation 
length, 

K  =  4Ar0Z(Z  +  1)t- (—A  ln(183Z-1/3).  (15) 

he  \mc 


To  make  estimates,  one  should  specify  the  gas 
medium.  Let  us  consider  the  molecular  hydrogen 
which  is  one  of  the  best  investigated  systems.  In  the 
far  infrared  region,  hydrogen  has  a  number  of  well 
resolved  rotation  transitions.  The  most  intense 
rotation  transition  is  determined  (in  the  pure 
rotation  spectra)  by  the  equation 

(2  J  +  1  )(J  +  1)  =  3  T/(hc.B)  (16) 

where  J  is  the  rotation  quantum  number,  T  the  gas 
temperature,  and  B  the  molecule  rotation  constant. 
At  room  temperature,  the  most  intense  transitions 
in  hydrogen  are  at  587  cm-1  (ortho-hydrogen)  and 
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814  cm-1  (para-hydrogen).  The  line  center  is  situ¬ 
ated  at  2B(2J  +  3).  The  maximum  value  of  imagi¬ 
nary  part  of  gas  dielectric  susceptibility  is  given  by 
the  relation 


fe) 


max 


4t ip2N0fj  t  ^ hcohcB 

3 hys  (  +l’Y~T~ 


x  exp(  -  hcBJ(J  +  1  )/T) .  (17) 

Here  yg  is  the  gas  line  width,  e  —  1  ~  {co2  +  y^)-1. 
At  gas  pressures  <  10_2-10~3  Torr  and  up  to  few 
atmospheres,  the  line  width  is  determined  by  inter- 
molecular  collisions  and  can  be  estimated  as 
yg  ~  2.7  x  107  Hz/Torr.  As  a  result,  in  this  pressure 
region  the  resonant  value  of  dielectric  susceptibility 
becomes  independent  of  gas  pressure.  Making  the 
estimate  for  hydrogen,  one  can  find  £2max  ~  0.1  at 
the  frequencies  mentioned  above  and  at  room  tem¬ 
perature.  Thus,  it  is  possible  to  operate  at  the  opti¬ 
mum  beam  transport  pressures  of  a  few  Torr  [4,5]. 
At  these  pressures  characteristic  lengths,  deter¬ 
mined  by  relations  (13)  and  (14)  are  a  few  meters 


and  the  scattering  processes  do  not  violate  the 
beam  quality  condition  (11).  The  estimate  of  the 
gain  at  y  ~  5  current  density  jh  ~  5  kA/cm2, 
waveguide  radius  a  =  3  mm,  and  the  above  hydro¬ 
gen  parameters  is  thus  ImSh  ~  0.05  cm-1. 

This  research  is  supported  by  the  Russian  Basic 
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Abstract 

We  propose  new  concepts  of  free-electron  lasers  which  are  based  on  using  the  DC  current  in  superconductors  as 
a  driver.  It  is  found  that  these  FEL-type  devices  are  very  promising  due  to  the  high  critical  current  density  and  quantum 
coherence  of  the  condensate  in  superconductors.  Cherenkov  and  resotron  (based  on  the  dissipative  instability)  schemes 
driven  by  supercurrent  are  considered,  the  small-signal  exponential  gain  is  calculated.  ©  1999  Elsevier  Science  B.V.  All 
rights  reserved. 


The  key  problem  in  conventional  short- 
wavelength  FEL  design  is  to  enhance  current  den¬ 
sity  of  an  electron  beam  at  sufficiently  low-energy 
spread  and  emittance.  The  limiting  beam  current 
density  is  of  about  10-20  kA/cm2  due  to  the  beam 
quality  requirements.  Another  type  of  electron 
current  -  supercurrent  -  can  provide  much 
higher  electron  densities:  typical  critical  current 
densities  in  thin  superconductor  films  exceed 
~  100  MA/cm2.  The  problem  of  electron  beam 
emittance  and  energy  spread,  crucial  for  FEL  op¬ 
eration,  is  absent  in  the  case  of  supercurrent  due  to 
the  quantum  coherence  of  Cooper  pairs  in  the 
condensate.  These  features  makes  the  FEL-type 
device  driven  by  supercurrent  very  promising. 

In  this  paper  we  propose  the  supercurrent  as 
a  driver  for  short-wavelength  FEL-type  devices.  It 
is  considered  as  two  schemes,  namely,  the  Cheren¬ 
kov  FEL  and  the  dissipative  instability-based  FEL 
(which  was  named  resotron  in  Refs.  [1,2]).  In  the 
Cherenkov  scheme,  we  assume  a  thin  superconduc- 
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tor  film,  carrying  DC  current,  is  situated  within 
a  slow-wave  waveguide  structure  (see  Fig.  la).  It  is 
found  that  the  Cherenkov  resonance  arises  when 
the  phase  velocity  of  electromagnetic  wave  is  equal 
to  the  characteristic  velocity  of  the  diffusion  of 
phase  of  the  order  parameter.  In  this  case,  the 
strong  coupling  between  the  supercurrent  and  elec¬ 
tromagnetic  wave  exists,  and  an  amplification  of 
this  wave  becomes  possible.  In  the  resotron  scheme, 
thin  superconductor  film  is  placed  in  a  waveguide 
which  is  filled  by  absorbing  dielectric  (see  Fig.  lb), 
which  is  characterized  by  the  complex  dielectric 
susceptibility  e  =  s'  +  ie".  In  this  case  dissipative 
instability  of  the  supercurrent  is  developed  and 
amplification  of  an  electromagnetic  signal  at  fre¬ 
quencies  corresponding  to  the  dielectric  absorption 
line  becomes  possible. 

Let  us  first  consider  the  Cherenkov  scheme.  To 
get  straightforward  and  descriptive  analytical  re¬ 
sults,  we  restrict  our  consideration  by  the  simplest 
case.  We  assume  that  the  superconductor  film,  car¬ 
rying  DC  current,  is  thin,  i.e.,  film  thickness  is  less 
than  both  the  coherence  length  (i.e.,  the  size  of 
Cooper  pair)  and  the  field  penetration  depth.  In 
this  case,  the  dependence  of  the  order  parameter  on 
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(b) 

Fig.  1.  The  geometry  of  FELs  driven  by  supercurrent,  (a) 
Cherenkov  oscillator:  1  -  thin  superconductor  film,  carrying  DC 
current 2  -  dielectric  superlattice,  which  is  formed  by  alternate 
layers  of  two  materials  of  different  dielectric  susceptibilities,  d  is 
the  superlattice  period,  3  -  external  waveguide,  (b)  The  dissi¬ 
pative  instability  (“resotron”)  scheme:  1  -  thin  superconductor 
film,  carrying  DC  current  j,  2  -  absorbing  dielectric  medium  of 
resonant  susceptibility  e  =  e'  +  is",  3  -  external  waveguide 
(metal  walls). 


transverse  coordinates  is  insignificant,  and  the 
problem  becomes  one  dimensional.  The  waveguide 
is  filled  by  the  medium  of  periodically  changing 
refractive  index.  It  may  be  the  dielectric  superla¬ 
ttice,  for  example,  which  is  formed  by  alternate 
layers  of  two  transparent  (at  signal  frequency)  ma¬ 
terials  of  different  dielectric  susceptibilities  st  and 
g2.  The  electromagnetic  field  in  such  a  superlattice, 
due  to  Flouqet  theorem,  can  be  represented  as 
a  series  of  space  harmonics  [3] 

+  00 

E  =  £  E„(x,y,t)  exp(  -  icot)exp 

«  =  —  00 

n  =  0,  +  1,  +  2, ...  .  (1) 

Here  d  is  the  period  of  dielectric  superlattice  and 
k  is  the  so-called  Bloch  wave  number,  which  is,  in 
a  definite  sense  [3],  a  mean  value  of  signal  wave 
numbers  in  corresponding  layers,  =  (co/c)eu 
k2  =  ( co/c)£2 ,  kt  <k  <k2.  When  the  superlattice 
period  is  small  with  respect  to  the  signal 
wavelength  d<X  =  2nc/co  (the  modern  technology 


can  provide  superlattices  with  the  period  less  than 
10  nm  at  a  sufficient  quality),  phase  velocities  of 
even  the  lowest  modes  in  the  solution  (1)  are  much 
less  than  the  speed  of  light  and  thus  may  become 
close  to  the  characteristic  propagation  velocities  of 
condensate  perturbations.  Thus  the  conditions  of 
an  effective  energy  exchange  between  the  supercur¬ 
rent  and  the  signal  wave  arises.  It  is  the  situation  of 
our  particular  interest. 

To  describe  the  dynamics  of  the  superconductor 
order  parameter,  we  will  use  the  generalized  non¬ 
stationary  Ginzburg-Landau  equation.  There 
exists  a  number  of  such  generalizations  in  literature 
[4-10].  For  definiteness,  we  will  use  Gor’kov- 
Eliashberg  equation  for  the  parameter  zl  (it  has 
been  derived  by  using  microscopic  approach  for  the 
case  of  gapless  superconductor,  see  Ref.  [4] 


tD  +  ^a\2 


2 

A 


=  0. 


(2) 


The  current  density  is  defined  by  the  usual  way 

4e2  1 

ie(AVA*  -  zl*Vzl]  -  —  A  .  (3) 

Here  D  =  J x is  the  phase  diffusion  coefficient, 
vF  is  the  Fermi  velocity,  T  and  Tc  are  the  current 
and  critical  temperatures,  respectively  (measured  in 
s"1),  N  is  the  density  of  superconductive  conden¬ 
sate,  and  t1jS  are  the  characteristic  spin  revolution 
times  [4].  It  is  assumed  the  Lorentz  gauge  for  the 
electromagnetic  field  vector  potential  div  >4  =  0. 

When  the  high-frequency  field  is  absent,  we  rep¬ 
resent  the  unperturbed  parameter  A  in  the  form 
A  =  S0  exp(i/c0z),  where  the  value  k0  is  determined 
by  the  DC  current  density.  In  this  gauge,  the  vector 
potential  A0  of  the  self-induced  magnetic  field  of 
thin  film  DC  current  is  small  even  at  current  densit¬ 
ies  close  to  the  critical  one,  (2e/hc)A0  k0,  and  can 

be  omitted.  By  substitution  of  the  unperturbed  A  in 
Eq.  (2),  we  find 

Sl  =  -  —  +  2n \Tl  -  T2).  (4) 
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When  the  current  density  is  close  to  the  critical  one, 

(S^max  =  -  (Dkl)m ax  =  \  n\Tl  -  T 2) .  (5) 

We  are  interested  in  the  small-signal  quasi-sta- 
tionary  amplification  regime,  when  the  signal  pulse 
length  CTp  is  much  greater  than  the  length  of  the 
interaction  region  L,  czp  >  L.  The  coupling  be¬ 
tween  the  electromagnetic  wave  and  supercurrent 
exists  only  in  the  case  of  unvanishing  longitudinal 
component  of  the  high-frequency  vector  potential, 
that  is  provided  by  the  presence  of  waveguide.  As  in 
the  small-signal  approximation  the  problem  be¬ 
comes  linear  with  respect  to  the  electromagnetic 
field,  one  can  consider  the  only  spatial  harmonic 

Az  =  a(z)  exp(i[/zz  —  cot])  +  c.c.  (6) 

where  a(z)  is  the  slow  varying  function,  da/dz  ha, 
and,  according  to  Eq.  (1),  the  wave  number  is 
h  =  k  +  2nn/d. 

It  is  convenient  to  seek  the  solution  of  Eq.  (2)  in 
the  form 

A  =  S0  exp(i  [k0z  +  f(z,t)])  (7) 

Re/(z,t)  =  5f!(z)exp(i[fiz  —  cot])  +  c.c. 

Im  f(z,t)  =  g2{z)  exp(i[/iz  —  cot])  +  c.c.  (8) 


wher e/(z,t)  is  the  small  perturbation  of  phase  of  the 
order  parameter  caused  by  the  high-frequency  sig¬ 
nal  wave  (6),  and  glf2  are  slow  varying  functions. 
The  perturbation  is  small  when 

I/Ml,  yz  <k0,  ^a(z)4k0.  (9) 

After  linearization,  in  the  first  order  of  perturba¬ 
tion  theory,  Eq.  (2)  is  reduced  to  the  system  of 
coupled  equations 


d2g,  _  dgj 
dx  dx2  -  8x 


(  —  i  Q  +  1  +  d)g2  —  2  i 


=  -U  +  2^  +  2iZgi.  (10) 

Here  the  following  dimensionless  parameters, 
Q  =  co/(Dh2),  £  =  k0/h,  3  =  zsS20/(3Dh2),  U  =  4ek0 


a/{ch2),  and  new  dimensionless  variable  x  =  hz  are 
introduced. 

It  is  easy  to  calculate  the  eigenvalues  of  the 
system  (10)  and  find  the  characteristic  damping 
coefficient,  f,  r  =  +\Q8/2  +  (+QS/2  +  Q)2]1'2  ± 
y/ OS/2)1 12 .  As  a  result,  within  the  small  distance  Zd 
ld  ~  (3/2(DT1)~iVFT1,  Q^>3 
ld~(a)zl)-ll\vFx1/k0)1/\  Q<3  (11) 

functions  gug2  reach  their  constant  values 
2i£U 

01  ~  (1  +  6  -  i£2)(l  -  iG)  -  W 


(1+5 


(7(1  -  if2) 

■  iG)(l  -  iQ)  -  4£2 


Evolution  of  the  electromagnetic  wave  amplitude 
is  guided  by  the  wave  equation 


2i/z~exp(i[/rz  —  cot'])  =  —  —  Im  j2 
oz  c 


where  the  longitudinal  high-frequency  component 
of  supercurrent  is  determined  by  Eq.  (3). 

Finally,  we  find  the  exponential  gain  coefficient 

Ida  A  kl 

a  =  -  -5-  =  MkNzsZSoSZjs 
adz  h 

(1  +  3-4  £2-Q2)Q 
X  °(l  +  5  -  4£2  -  Q2)2  +  (1  +  S)2Q2 ' 

(14) 

Here  r0  is  the  classical  radius  of  an  electron,  and  c  is 
the  geometrical  factor  corresponding  to  the  space 
overlap  between  the  optical  mode  and  the  super¬ 
current,  which  is  of  the  order  of  the  ratio  of  film 
thickness  to  the  transverse  size  of  the  waveguide. 

The  amplification  (a  >  0)  of  signal  wave  emerges 
under  the  condition 


»Ph=f  <i>o  =  (Dh)[l+5-4£2]1'2.  (15) 


It  is  easy  to  see  that  this  inequality  has  the  typical 
form  of  Cherenkov  condition:  the  phase  velocity  of 
the  signal  amplified  must  be  less  than  the  definite 
characteristic  velocity  v0.  Note,  that  when  the  cur¬ 
rent  in  the  film  is  close  to  the  critical  one,  we  have 
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3  «  4£2,  and  velocity  v0  coincides  with  the  charac¬ 
teristic  diffusion  velocity,  Dh,  of  phase  of  the  order 
parameter  which  perturbations  have  a  scale  length 
~h~1.  Amplification  of  the  electromagnetic  wave 
leads  to  the  decrease  in  the  DC  current. 

Let  us  make  some  estimates  at  typical  values  of 
gapless  superconductor  parameters,  ~  ts  ~ 
1(T12  s'1,  Tc  ~  1(T3  eV  (10  K),  vF  ~  108  cm/s, 
N  ~  1023  cm-3.  When  the  current  is  close  to  its 
critical  value,  one  can  find,  according  to  relation  (5), 
k0  « (n/^3)Tc/vF  ~  3  x  104  cm-1.  When  the  signal 
frequency  is  close  to  the  critical  temperature, 
co  ~  Tc  (  ~  1.5  x  1012  s"1).  Assuming  h  ~  k0  (i.e., 
the  superlattice  period  is  d  ~  2  pm)  and  that  the 
real  value  of  geometrical  factor  is  a  ~  10  3-10  4, 
we  have  the  signal  phase  velocity  is  co/h  «  5  x  107 
cm/s  and  exponential  gain  coefficient  is  rather  high 
a  «  107  a  cm'1. 

Let  us  consider  now  the  resotron  scheme  (see 
Fig.  lb)  in  which  the  mechanism  of  signal  amplifi¬ 
cation  is  the  dissipative  instability  of  supercurrent. 
We  assume  the  thin  superconductor  film,  carrying 
DC  current,  is  situated  within  a  waveguide  which  is 
filled  by  absorbing  dielectric.  In  this  case,  the  situ¬ 
ation  is  more  complex  with  respect  to  the  above 
consideration  as  the  transverse  structure  of  signal 
amplified  must  be  accounted  for.  As  the  dielectric  is 
absorbing  at  the  signal  frequency  (Ime  >  0),  one 
should  expect  solutions  of  the  surface  wave  type. 
This  fact  implies  that  our  previous  assumption  of 
transverse-independent  order  parameter  of  the  con¬ 
densate  falls.  One  should  solve  in  this  situation  the 
Gor’kov-Eliashberg  Eq.  (2)  for  the  order  parameter 
joint  with  the  boundary  condition 

n^_iVJ-^^  =  0  (16) 

where  n  is  the  vector,  normal  to  the  superconductor 
boundary.  That  is,  the  transverse  current  density 
must  be  equal  to  zero  on  the  superconductor- 
dielectric  interface.  In  the  case  of  our  interest,  when 
the  superconductor  film  is  thin  (i.e.,  its  thickness  is 
less  than  both  the  coherence  length  and  the  field 
penetration  depth),  one  can  assume  that  the  condi¬ 
tion  (16)  is  fulfilled  not  only  on  the  interface  but 
within  all  the  superconductor  volume.  With  this 
assumption,  only  the  derivatives  with  respect  to 


longitudinal  coordinate  z  survive  in  Eq.  (2),  and  the 
dependence  of  the  order  parameter  on  transverse 
coordinate  becomes  parametrical.  Thus  we  reduce 
the  problem  of  the  order  parameter  to  the  above 
solution  (Eqs.  (7),  (8)  and  (13)).  However,  one 
should  keep  in  mind  that  the  parameters 
S0,  k0,  gu 2  are  now  transverse-dependent  func¬ 
tions,  and  this  dependence  is  determined  by  Eq. 
(16).  As  we  are  interested  in  the  small-signal  ampli¬ 
fication  regime,  one  can  expect  that  this  depend¬ 
ence  will  be  rather  weak  to  be  omitted  in  the  lowest 
order  of  perturbation  theory. 

As  in  the  Cherenkov  scheme,  we  are  interested  in 
the  amplification  of  quasi-continuous  signal  wave 
(6)  of  TM  type.  Solving  by  conventional  procedure 
Maxwell  equations,  one  can  easily  find  that  the 
transverse  characteristic  wave  numbers  are  k l  = 
sco2/c2  —  h2  in  the  dielectric  region,  Ez(x)  ~ 
exp(  ±  i Kdx),  and  k2  =  (co2/c2  -  h2){  1  -  Mnot/w) 
within  the  superconductor  film,  Ez(x)  ~  exp(  ±  ksx). 
Here  a  is  the  high-frequency  complex  conductivity 
of  the  superconductor  film  determined  by  Eqs.  (3), 
(8)  and  (12),  jz  =  otEz,  and  x  is  the  transverse  coordi¬ 
nate.  Finally,  using  the  electromagnetic  field 
boundary  conditions  at  the  dielectric-superconduc¬ 
tor  interface  (x  =  ±d)  and  at  the  metal  walls  of  the 
waveguide  (x  =  ±  a),  we  derive  the  following  dis¬ 
persion  equation: 

KsKd  -  e(h2  -  (c o2/c 2 ))  tan (Kd(a  -  d)) 

\|_KsKd  +  s(h2  -  ( co2/c 2  ))tan(Kd(fl  -  d))_ 


This  dispersion  equation  contains  two  different 
types  of  solutions,  which  correspond  to  different 
choice  of  the  sign  after  extracting  of  square  root.  To 
understand  the  nature  of  these  solutions,  it  is  con¬ 
venient  to  investigate  dispersion  equation  (17)  in 
the  limiting  case  of  infinitely  thick  dielectric 
(a  oo ),  i.e.,  when  we  have  the  pure  surface  wave 
solution.  Assuming  also  that  the  superconducting 
film  is  thin,  Ksd  <  1,  we  have  two  roots  of  Eq.  (17), 
the  first  one  is 

^ -£H-  "8| 
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This  equation  corresponds  to  the  eigen  mode  of  the 
electrodynamic  system,  which  is  rapidly  damping 
with  longitudinal  coordinate  z  due  to  the  resonant 
absorption  in  the  dielectric.  One  can  easily  see  it  in 
the  limit  d  =  0,  in  which  the  only  solution  is 
h2  =  eo>2/c2.  The  second  root  of  Eq.  (17)  leads  to 
the  following  dispersion  equation: 


(19) 


which  corresponds  to  the  dissipative  mode  and  is  of 
our  particular  interest.  This  mode  exist  only  in  the 
presence  of  supercurrent  and  vanishes  in  the  limit 
d  -»  0.  Let  us  consider  now  this  equation  in  more 
details.  It  is  evident  that  the  solution  scalings  are 
quite  different  depending  on  the  relations  between 
parameters  of  the  problem  at  hand,  which  deter¬ 
mines  the  high-frequency  current  complex  response 
(12),  Q ,  8. 

The  case  of  very  slow  wave  is  realized  when 
h  >  S0/vF  ~  J 2kTc/vf  ~  4  x  105  cm" 1  and  h> 
Jaifb  =  y/3 co/TsVf1  ~  5  x  104  cm-1  (we  assume 
here  the  above  typical  superconductor  parameters, 
Xc  03  ~  10 13  s  \  Fermi  velocity  t>F  ^  10s  cm/s, 
and  ts  ~  10" 12  s).  This  situation  becomes  possible, 
for  example,  when  the  current  density  is  close  to  the 
critical  one.  In  this  limit,  Eq.  (19)  is  reduced  to  the 
form 


h 3 


i  Ad 
eD2oo 


(20) 


where  the  new  parameter  A  is  A  =  327iA/t1ts 
(e2/m)SlDkl  =  32nej0Dk0i  and  j0  is  the  DC  current 
density. 

One  can  easily  see  from  this  equation  that  the 
instability  (Re  h  >  0,  Im  h  <  0)  arises  under  the 
only  condition 

Re  e  <  0  (21) 

i.e.,  can  be  realized  only  at  frequencies  of  the  mater¬ 
ial  resonant  absorption  line.  Instability  is  absent  for 
the  transparent  medium.  The  instability  growth 
rate  (Im  h)  is  of  the  same  order  of  magnitude  as  the 
characteristic  wave  number  h0  ~  (Ad/D2co\e\)113. 
Assuming  for  estimates  the  critical  current  density 
is  j0  ~  100  MA/cm2,  |e|  -  20,  and  film  thickness 
d  ~  10  nm,  we  have  h0  ~  1.5  x  106  cm-1. 


In  an  intermediate  case,  h  <  S0/vF  ~  2kTc/vf , 
h  >  J~cofb  =  yjlco/ ts%\  the  dispersion  equation 
leads  to  the  following  solution: 


i  3Ad 
s  TsSlDco 


(22) 


and,  finally,  when  the  parameters  are  that  holds 
h  yJco/D  =  y/3(o/zsvF  \  we  have 


h  = 


Slts(D2 
£  3Ad  * 


(23) 


In  both  these  cases,  the  instability  condition 
(Re  h  >  0,  Im  h  <  0)  holds  only  within  the  resonant 
material  absorption  line,  at  Re  e  <  0. 

It  is  interesting  to  note  also,  that  in  these  three 
cases  the  solution  scales  with  DC  current,  signal 
frequency,  and  superconductor  film  thickness 
by  quite  different  ways,  —  (j0d/(o)113,  ~j0d/a),  and 
~  c o2/j0d ,  respectively. 

In  conclusion,  we  considered  in  this  paper  the 
new  FEL  concepts,  in  which  the  supercurrent  is 
used  as  a  driver  instead  of  relativistic  electron 
beam.  Both  the  schemes  analyzed,  based  on 
Cherenkov  and  dissipative  instabilities,  are  found 
to  be  very  promising  due  to  the  high  critical  current 
densities  and  quantum  coherence  in  superconduc¬ 
tors.  Estimates  show  that  the  devices  proposed  can 
become  the  very  compact  (of  centimeter  size)  high- 
gain  sources  of  coherent  radiation  in  a  rather  broad 
spectral  region. 
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Abstract 

The  CLIO-2  or  ETOILES  project  is  the  envisioned  extension  of  the  CLIO  facility,  aimed  at  covering  the  far-infrared 
range  between  50  pm  and  1  or  2  mm.  It  should  consist  of  a  new  independent  linac-based  FEL,  operating  in  S-  or  L-band 
at  energies  between  4  and  16  MeV.  Synchronized  with  the  actual  CLIO  FEL  and  Optical  Parametric  Oscillators,  it 
would  allow  covering  the  whole  infrared  spectral  range  and  performing  multi-color  experiments.  ©  1999  Elsevier 
Science  B.V.  All  rights  reserved. 

Keywords:  CLIO  project;  Electron  bunch  length;  Optical  pulse  duration;  Bandwidth  consideration 


1.  Introduction 

The  CLIO  infrared  free-electron  laser  (FEL)  has 
operated  as  a  user  facility  since  1993  [1].  About 
2400  h  of  laser  beam  time  are  now  produced  an¬ 
nually,  of  which  800  are  dedicated  to  FEL  physics 
and  optimization  and  1600  for  laser  users.  The 
CLIO  spectral  range  spans  from  3  to  50  pm  and  its 
peak  power  is  several  MW  in  (sub-)picosecond 
pulses.  With  such  features  and  the  corresponding 
Fourier  limitation  on  the  minimum  laser  linewidth 
AX/X  «  0.2%,  one  understands  that  this  laser  is 
dedicated  to  fast  kinetics  and  nonlinear  optics- 
based  experiments  rather  than  high-resolution 
spectroscopy.  This  relatively  large  bandwidth  and 
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the  corresponding  short  pulses  originate  mainly 
from  the  short  electron  bunches  (10  ps  FWHM) 
delivered  by  the  RF-linacs. 

As  the  infrared  range  below  X  =  8  pm  is  now  well 
covered  by  optical  parametric  oscillators  (OPO) 
also  available  at  the  CLIO  facility,  we  have  up¬ 
graded  the  spectral  range  of  CLIO  from  2-17  pm  to 
its  actual  range,  and  we  plan  to  develop  further  in 
the  far-infrared.  However,  the  actual  machine  is 
mainly  limited  to  shorter  wavelengths  by  the  size  of 
the  vacuum  chamber  inside  the  undulator,  which 
clips  the  optical  mode.  The  size  of  the  chamber 
cannot  be  increased  without  limiting  the  undulator 
gap  range  and  then  the  spectral  range.  The  use  of 
a  waveguide  and  cylindrical  mirrors  for  the  far- 
infrared  will  not  be  appropriate  at  shorter 
wavelengths,  because  of  the  consequent  bad  match¬ 
ing  of  the  TEM  mode  with  the  electron  beam, 
and  because  frequent  changes  of  the  mirrors  would 
not  be  convenient  for  facility  operation.  Adding 
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Table  1 

Main  parameters  of  the  CLIO-2  laser  beam 


Spectral  range 

50  pm  to  ^  1  mm 

Min.  spectral  width 

0.2-1% 

Min.  pulse  length 

2-50  ps 

Peak  power 

1-10  MW 

Average  power 

1-10  W 

Micro-pulses  repetition  rate 

31.25,  62.5  and  125  MHz 

Macro-pulses  repetition  rate 

6.25,  25  and  50  Hz 

a  second  beamline  on  the  same  accelerator  would 
also  be  difficult  due  to  the  lack  of  space.  This  is  why 
we  envision  building  another  independent  machine, 
CLIO-2,  to  achieve  our  spectral  extension.  The  new 
machine  should  be  installed  near  the  other  one  and 
synchronized  with  it,  allowing  a  smooth  joint  ma¬ 
chine  management  and  multi-color  experiments. 
The  main  optical  parameters  of  CLIO-2  are  sum¬ 
marized  in  Table  1. 


2.  Accelerator 

The  electron  energy  is  determined  by  the  desired 
spectral  range,  considering  a  maximum  value 
K  =  2.25  of  the  peak  deflection  parameter  for 
a  permanent  magnet  undulator. 

The  synchronization  of  CLIO-2  with  CLIO 
leads  to  a  requirement  on  the  accelerator 
frequency.  Either  both  machines  operate  in  S-band 
at  the  same  frequency  (2998  MHz),  or  CLIO-2 
operates  in  the  L-band  at  /=  1311.5  MHz,  in 
order  to  be  able  to  match  the  lowest  micropulse 
repetition  rate  of  CLIO  at^/42  =  31.25  MHz. 

The  L-band  solution  allows  one  to  work  with 
long  pulses  (30  ps)  and  consequently  a  higher 
bunch  charge  (2-3  nC)  while  keeping  a  modest  en¬ 
ergy  spread  (  <  1  %).  However,  RF  components  are 
more  expensive  and  less  common  than  in  S-band, 
and  our  frequency  is  slightly  different  than  the 
standard  one.  This  is  why  we  prefer  to  envision  for 
now  an  S-band  solution  and  consider  as  a  reference 
the  performance  achievable  with  the  actual  CLIO 
injector  [2-4],  composed  of  a  90  kV  thermionic 
gun,  a  500  MHz  prebuncher  cavity  and  a  4  MeV/3 
GHz  standing-wave  buncher.  A  thermionic  gun  is 


Table  2 

Main  parameters  for  an  S-band  linac 


Frequency 

2998  MHz 

Total  electron  energy 

4-16  MeV 

Micro-pulses  repetition  rate 

31.25,  62.5  and  125  MHz 

Macro-pulses  repetition  rate 

6.25,  25  and  50  Hz 

Bunch  charge 

1.5  nC 

Macropulse  length 

15  ps 

Micropulse  length 

10-30  ps  (FWHM) 

Current  (macropulse) 

180  mA 

Peak  current  (micropulse) 

25-80  A 

Max.  average  power 

2  kW 

RF  power 

10  MW 

Energy  spread 

1-3%  (FWHM) 

Emittance  e  =  47cpyaa’ 

«  100  7t  mm  mrad 

likely  to  be  chosen  rather  than  a  better  performing 
model  based  on  a  photo-cathode,  because  of  its 
simplicity  and  reliability:  an  important  issue  for 
a  user-facility.  Aim  long  travelling-wave  section 
should  be  sufficient  to  achieve  the  required  energy. 
The  main  parameters  of  such  a  linac  are  sum¬ 
marized  in  Table  2. 

The  main  difficulty  here  consists  in  limiting  the 
energy  spread,  whereas  one  looks  for  relatively  long 
electron  bunches,  10-30  ps  FWHM.  While  acceler¬ 
ated  in  the  travelling-wave  section,  top-hat  electron 
bunches  will  acquire  a  corresponding  energy 
spread  from  0.3%  to  2.2%  simply  due  to  the  sine 
shape  of  the  wave  and  this  finite  length.  A  further 
spread  of  100  keV  is  induced  by  the  buncher  and 
must  also  be  accounted  for;  see  Fig.  1.  This  will 
correspond  to  a  spread  of  2.5%  at  the  lowest  ener¬ 
gies,  but  to  only  0.6%  at  16  MeV.  Therefore,  we 
estimate  the  maximum  energy  spread  between  2.3 
and  3.2%,  depending  on  the  energy.  A  minimal 
spread  «  1%  will  be  achieved  for  E  >  10  MeV  and 
a  10  ps  long  bunch. 

As  displayed  in  Fig.  1  and  according  to  PARME- 
LA  simulations  [5],  it  is  possible  to  switch  between 
10  and  30  ps  long  pulses  by  slightly  adjusting  the 
buncher  phase  and  field,  keeping  the  energy  spread 
essentially  the  same.  According  to  the  simulations 
and  our  experience  with  CLIO  [4],  the  peak  cur¬ 
rent  should  vary  between  25  and  80  A,  depending 
on  the  bunch  length. 
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Fig.  1.  PARMELA  phase  and  energy  histograms  at  the  buncher  exit  for  short  (A,  C)  and  long  (B,  D)  electron  bunches  with  different 
tunings  of  the  buncher  (1°  at  3  GHz  =  0.9  ps). 


We  have  also  investigated  the  effect  of  the  velo¬ 
city  mismatch  between  the  low-energy  bunches  and 
the  accelerating  wave  in  the  section,  and  found 
there  is  no  increase  of  the  energy  spread  when  the 
final  energy  of  the  bunch  is  maximized. 

Transport  of  the  beam  from  the  section  to  and 
through  the  undulator  has  still  not  been  fully 
studied.  Achromatism  is  of  course  required,  but 
a  strict  isochronism  is  not  mandatory  since  we  can 
tolerate  and  even  look  for  a  bunch  lengthening  to 
decrease  the  laser  linewidth  at  long  wavelength;  see 
Table  3.  The  undulator  will  be  installed  after  a  devi¬ 
ation  and  a  slit,  used  to  clean  the  beam  of  particles 
with  out-of-range  energy.  The  overall  length  will  be 
as  short  as  possible,  to  limit  the  space  charge  effects 
at  low  energy. 


3.  Optical  cavity  and  undulator 


3.1.  Optical  cavity 


Both  CLIO  and  CLIO-2  will  have  a  4.8  m  long 
optical  cavity  (to  match  their  repetition  rates),  met¬ 
allic  mirrors,  and  a  hole-coupling  extracting  scheme. 

At  the  long  wavelengths  planned,  diffraction 
losses  become  large  for  a  freely  propagating  mode, 
and  use  of  a  waveguide  is  mandatory.  Usually,  it  is 
only  necessary  to  guide  the  wave  in  the  plane  of  the 
undulator  magnetic  field.  The  FEL  wavelength  is 
then 


2  =  1 


1  +  ft 


V1  ±  V1  -  (!  -  &2)D  +  ’ 


(1) 


IX.  NEW  CONCEPTS 


454 


F.  Glotin  et  al.  /  Nuclear  Instruments  and  Methods  in  Physics  Research  A  429  (1999)  451-456 


Table  3 


Minimum  spectral  width  vs.  wavelength  for  N  =  40,  p  =  5% 


%m) 

LJc{  ps) 

Ljc{  ps) 

m 

5 

LJc{  ps) 

L/c( Ps) 

AA/2(%) 

50 

10 

7 

5 

0.8 

11 

28 

0.30 

50 

30 

7 

5 

0.8 

11 

48 

0.17 

500 

10 

67 

0.5 

0.8 

11 

88 

0.95 

500 

30 

67 

1 

1.7 

23 

119 

0.70 

1000 

30 

133 

0.5 

1.7 

23 

186 

0.90 

where  Xv  =  X0/2y2(l  +  K2/ 2)  is  the  usual  resonant 
wavelength  without  waveguide,  K  the  undulator 
peak  deflecting  parameter,  the  reduced  longitu¬ 
dinal  velocity  of  the  electrons,  X0  the  undulator 
period,  a  the  waveguide  width  and  2S  =  4a2 /X0  the 
“zero  slippage  wavelength”  [6,7].  If  Xv  =  XS9  the 
waveguide  prevents  the  slippage  between  light  and 
electrons  inside  the  undulator  [8].  In  our  case,  we 
are  interested  in  long  pulses  and  wish  to  keep 
a  normal  slippage  length  Ls  =  NX  where  N  is  the 
number  of  periods.  We  can  then  choose  a  =  10  mm 
and  X0  —  50  mm  leading  to  X s  =  8  mm  »  Av  and  we 
can  neglect  the  effect  of  the  waveguide  on  X  and  Ls. 

3.2.  Undulator 

With  this  value  of  X0  =  50  mm,  we  can  achieve  a 
maximum  value  of  K  ^  2  with  an  undulator  gap  of 
15  mm  and  a  Halbach-type  undulator  made  with 
permanent  SmCo5  magnets.  There  is  enough  space 
in  the  cavity  for  a  2  m  long  undulator,  with  40  peri¬ 
ods.  However,  the  two-section  undulator  of  CLIO 
has  proven  to  be  very  useful  and  has  provided  new 
insights  in  FEL  physics  [9,10].  Therefore,  we  envi¬ 
sion  building  again  an  undulator  with  two  or  more 
sections,  to  investigate  multicolor  operation  in  the 
far-infrared,  efficiency  dependence  with  N  and 
super-radiance. 

3.3.  Gain 

The  small-signal  gain  for  a  full  40-period  undula¬ 
tor  is  calculated  with  the  above  parameters  and  the 
usual  formulae  including  inhomogeneous  effects 
[11].  To  estimate  the  filling  factor,  one  considers 
a  constant  transverse  size  for  the  electron  beam 


with  a  =  0.6  mm,  and  cylindrical  mirrors  with 
R  =  3  m  for  the  cavity.  Results  are  summarized  in 
Fig.  2. 

In  Fig.  2,  the  gain  is  expressed  in  %/A.  With  the 
estimated  peak  currents  of  25  and  80  A  for  bunch 
lengths  of  30  and  10  ps,  respectively,  high  values  of 
gain  are  achieved,  up  to  480%.  This  will  allow  to 
operate  and  reach  saturation  with  a  half  or  even 
shorter  undulator,  a  requirement  needed  for  multi¬ 
color  operation  of  the  FEL. 

4.  Optical  pulse  length  and  spectral  width 

Some  users  of  CLIO  are  interested  in  short 
pulses  for  fast  kinetic  studies,  and  some  others  in  as 
small  as  possible  spectral  width  (0.2-0.4%)  for 
nonlinear  spectroscopy  or  pump-probe  measure¬ 
ments  at  modest  time  resolution.  The  same  will 
apply  for  CLIO-2,  so  we  must  be  attentive  to  this 
latter  parameter  when  operation  of  a  linac-based 
FEL  would  favor  a  short  pulse  and  broadband 
regime. 

For  the  longest  and  shortest  laser  pulses  produc¬ 
ed  through  cavity  length  variation,  we  can  assume 
we  operate  in  a  nearly  Fourier-limited  regime.  This 
is  the  case  for  an  infrared  FEL  like  FELIX  or 
CLIO,  and  seems  especially  likely  when  the  slipp¬ 
age  distance,  represented  as  Ls  here,  is  non-negli- 
gible  compared  to  the  electron  bunch  length.  The 
Fourier  limit  is  usually  expressed  as  AvAt  =  a, 
where  Av  and  At  are,  respectively,  the  width  of  the 
laser  frequency  spectrum  and  the  pulse  length  (both 
FWHM),  and  a  «  0.5,  a  constant  depending  on  the 
pulse  shape  (a  =  0.414  for  a  Gaussian)  [12].  An¬ 
other  useful  expression  is  AX/X  =  ct/n  where  n  is  the 
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Fig.  2.  Small-signal  gain  for  various  total  energies,  electron  bunch  lengths  (FWHM),  and  energy  spreads  (FWHM). 


number  of  optical  periods  within  At  and  AA/A  the 
relative  spectral  width  (FWHM). 

4.1.  Longest  pulses 

We  can  estimate  the  rough  length  of  the  longest 
pulses  we  can  hope  to  achieve  by  L  = 
Le  +  Ls  +  Lp. 

•  Le  is  the  electron  bunch  length,  or  at  least  the 
useful  part  of  the  bunch  where  the  current  is  large 
and  then  the  optical  gain  is  higher  than  the  cavity 
losses. 

•  Ls  =  NX  is  the  well-known  slippage  length  [8], 
due  to  the  mismatch  between  the  electron  velo¬ 
city  and  the  phase  velocity  of  the  wave.  N  is  the 
number  of  undulator  periods  and  A  the  laser 
wavelength.  Note  that  this  definition  of  Ls  is  still 
valid  for  us  although  we  operate  with  a  wavegu¬ 
ide,  as  mentioned  above. 

•  Lp  is  the  length  increase  due  to  the  optical  cavity 
length  detuning.  If  the  cavity  is  shortened  by 
5  =  mA  relatively  to  the  exact  length  for  syn¬ 
chronism  between  electrons  and  photons,  the 
light  is  pushed  forward  by  the  same  amount  from 
one  round-trip  to  the  other.  The  advance  of  its 


front  edge  is  eventually  limited  by  the  cavity 
losses  p  and  if  one  considers  an  attenuation  by 
a  factor  2  for  this  latter,  we  can  define  Lp  by 
Lp  =  (  —  ln(2)  /  ln(l  -  p))S.  Unless  the  gain  is 
high  enough  such  that  saturation  is  achieved  in 
one  or  very  few  passes,  it  is  clear  that  one  must 
keep  <5«Le  to  preserve  a  minimum  of  gain. 

Table  3  presents  an  estimate  of  the  achievable 
linewidth  for  different  wavelengths,  detunings  and 
bunch  lengths.  As  appears  here,  the  minimum  spec¬ 
tral  width  should  be  kept  below  1%,  with  the  small¬ 
er  linewidths  for  the  shorter  wavelengths  as 
Le  becomes  relatively  less  important  for  greater 
wavelengths. 

Note  that  this  simple  model  is  in  good  agreement 
with  experimental  results  on  FELs  like  FELIX  and 
CLIO  [1,13],  with  AA/A  =  0.2-0.4%  and  m  >  5. 

4.2.  Shortest  pulses 

The  question  of  the  shortest  pulses  achievable 
with  an  FEL  such  as  CLIO-2  is  still  open.  One 
could  think  it  is  limited  by  Le  or  Ls,  but  experi¬ 
ments  on  similar  machines  have  denied  this 
[14,15].  To  overcome  the  apparent  limitation  by 
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Le,  one  can  remark  that  in  practice  the  electron 
bunches  are  not  top-hat  profiled  but  present 
a  peaked  and  asymmetric  structure  [4].  Therefore, 
it  is  possible  to  use  the  combined  dependence  of  the 
gain  with  both  the  current  and  the  desynchronism 
<5  in  a  way  such  as  to  limit  the  effective  part  of  the 
bunch  to  a  length  shorter  than  Le.  To  limit  the  laser 
growth  on  a  length  smaller  than  Ls,  one  must  con¬ 
sider  an  unusual  mechanism:  as  studied  by  Jaros- 
zynski  et  al.  [16],  superradiance  can  explain  the 
very  short  pulses  already  observed  on  existing  ma¬ 
chines  and  allows  hope  for  the  same  elfects  to 
happen  on  CLIO-2.  However,  it  is  difficult  to 
evaluate  how  much  shorter  than  Ls  our  laser  pulses 
will  be,  even  through  simulations,  as  the  process 
should  strongly  depend  on  the  detail  of  the  electron 
bunch  shape. 

To  provide  an  estimate  of  the  shortest  bunch 
length  for  different  wavelengths,  we  can  consider 
a  rather  conservative  value  of  LJ 3,  based  on  our 
experience.  For  N  =  40  undulator  periods,  it  cor¬ 
responds  to  13  optical  cycles  long  pulses  with 
a  Fourier-limited  spectrum  7.5%  wide.  At  50  pm, 
short  pulses  about  2  ps  long  should  be  produced, 
and  up  to  44  ps  at  X  —  1  mm.  However,  nothing 
prevents  us  from  equaling  or  beating  the  record  of 
six  optical  cycles  obtained  at  FELIX  [15],  espe¬ 
cially  as  one  can  guess  that  the  shortest  pulses  are 
produced  when  Ls  »  Le,  i.e.  when  the  different 
parts  of  the  micropulse  undergo  different  values  of 
gain  due  to  the  slippage. 

5.  Conclusion 

In  conjunction  with  CLIO  and  OPOs,  the  pro¬ 
posed  new  independent  FEL  CLIO-2  allows  us  to 
cover  the  whole  infrared  spectral  range,  with  syn¬ 
chronized  and  tunable  lasers.  Even  operated  with 


an  S-band  short  pulse  linac,  the  FEL  linewidth  can 
be  kept  <  1  %  in  the  far  infrared. 

First  applications  envisioned  in  the  far-infrared 
concern  the  fields  of  semiconductor  and  quantum 
wells,  chemistry  and  biochemistry  of  systems  with 
hydrogen  bonds,  studies  of  small  high-Tc  supercon¬ 
ductive  monocrystals,  and  nonlinear  spectroscopy 
of  interfaces  by  sum-frequency  generation  [17]. 
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Abstract 

The  operation  of  a  new  ultra  compact  diffraction  grating  coupled  free-electron  laser  (FEL)  has  been  demonstrated.  The 
basic  elements  of  the  device  which  is  termed  a  grating  coupled  oscillator  (GCO)  are  the  beam  in  a  scanning  electron 
microscope  (SEM)  and  a  diffraction  grating  which  is  mounted  in  the  e-beam  focal  region  of  the  SEM.  The  e-beam  is 
controlled  by  the  SEM’s  electron  optical  system  and  distributed  feed  back  is  provided  by  the  grating  itself.  Recent 
experimental  results  are  presented  and  techniques  for  extending  the  wavelength  and  power  coverage  are  dis¬ 
cussed.  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  SEM;  Grating;  Electrons 


1.  Introduction 

Observations  of  radiation  produced  by  electrons 
moving  near  the  surface  of  a  diffraction  grating 
were  first  described  by  Smith  and  Purcell  in  1953 
[1]  and  suggestions  that  this  radiative  mechanism 
could  be  the  basis  of  a  useful  radiation  source  were 
made  even  earlier  [2].  Over  the  intervening  near 
half-century,  interest  has  been  sustained.  At  visible 
and  near  visible  wavelengths  experiments  similar  to 
the  one  described  in  Ref.  [1]  were  carried  out  by 
a  number  of  researchers.  In  the  millimeter  range  of 
the  spectrum  coherent  sources  [3-6]  which  used 
gratings  as  coupling  elements,  were  developed.  At 
short  wavelengths  (the  visible  and  near  infrared 
range)  the  limited  brightness  of  the  electron  beams 
employed  in  the  experiments  limited  the  degree  of 
coherence.  However,  this  is  not  a  fundamental  con- 
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straint.  Recently  [7],  the  electron  beam  in  a  scan¬ 
ning  electron  microscope  (SEM)  and  a  diffraction 
grating  mounted  in  the  e-beam  focal  region  have 
been  used  to  produce  coherent  radiation  at  far 
infrared  (FIR)  wavelengths.  The  characteristics  of 
this  device  will  be  described  and  conditions  re¬ 
quired  for  extension  toward  operation  at  shorter 
wavelengths  will  be  discussed. 

2.  The  SEM-based  FEL 

A  schematic  cross-section  of  the  SEM-FEL  is 
shown  in  Fig.  1.  The  beam  is  formed  on  a  Tungsten 
“hairpin”  cathode  and  it  is  focused  and  positioned 
over  the  grating  with  the  SEM’s  internal  electron 
optical  system.  When  used  as  a  microscope  very 
small  beam  currents  are  typically  employed.  How¬ 
ever,  the  present  system  is  capable  of  running  in  the 
low  milliamp  range  provided  care  is  taken  with 
heat  sinking.  This  current  level  is  more  than  suffi¬ 
cient  for  operating  in  the  super  radiant  regime. 
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Fig.  1.  Schematic  diagram  of  the  SEM-GCO. 


Various  short  pulse  schemes  would  yield  still  higher 
currents.  The  beam  voltage  may  be  varied  up  to  40 
kV.  Again  this  is  a  convenient  limit  for  the  present 
apparatus  but  not  a  fundamental  constraint.  Op¬ 
eration  at  1.5  THz  (200  pm  wavelength)  has  been 
achieved  with  a  25  kV  beam.  Although  run  in 
a  regime  well  above  its  intended  design  limit  the 
SEM  beam  retains  the  tight  focusing  and  high 
brightness  that  is  characteristic  of  these  devices.  At 
present  the  smallest  beam  waist  radius  that  can  be 
easily  attained  is  approximately  12  pm.  This  yields 
peak  beam  current  densities  in  the  200  A/cm2 
range.  The  beam  emittance  can  be  measured  in  situ 
with  either  a  3-wire  profilometer  or  knife  edges. 
Normalized  emittance  values  are  typically  in  the 
range  at  10_27imm  mrad,  a  range  that  is  two  orders 
of  magnitude  smaller  than  the  standard  high-qual¬ 
ity  RF  linac.  Thus  although  the  current  in  the  SEM 
is  much  lower  than  typical  linac  currents  beam 
brightness  may  be  comparable. 

The  gratings  used  in  the  present  experiment  are 
2-4  mm  wide  and  10-15  mm  long.  The  gratings  are 
mounted  on  a  miniature  optical  table  that  has  been 
drilled  with  holes  on  centers.  Other  components 
including  Faraday  cups  and  the  profilometer  are 
mounted  on  the  table.  The  complete  assembly  is 


mounted  on  the  microscope  stage  which  brings 
flexibility  to  the  task  of  precise  alignment. 


3.  Experiments 

The  SEM  in  its  original  role  as  a  microscope  can 
be  used  to  align  the  grating.  Peak  signal  is  obtained 
when  the  beam  axis  and  grating  surface  are  parallel. 
When  the  beam  current  is  at  the  low  end  of  its 
range  and/or  it  is  not  tightly  focused,  signal  power 
increases  linearly  with  beam  current.  In  this  regime, 
coupling  conditions  are  comparable  to  those  en¬ 
countered  in  the  early  experiments  of  Smith  and 
Purcell.  Energy  is  transferred  to  the  radiation  field 
via  a  velocity  synchronous  coupling  of  the  beam 
electron  and  one  of  the  slow  space  harmonic  com¬ 
ponents  of  the  field.  Space  harmonic  components 
propagating  at  the  same  velocity  as  the  beam  elec¬ 
trons  “evanesce”  away  from  the  surface  with  a  char¬ 
acteristic  scale  length  given  by  the  expression 

2e  =  Xpy/2n 

where  X  is  the  operating  wavelength  and  ft  and  y  are 
the  velocity  of  a  beam  electron  relative  to  the  speed 
of  light  and  the  relative  energy.  In  order  to  couple 
efficiently  2e  must  be  comparable  to  the  position  of 
the  beam  centroid  above  the  grating.  In  the  experi¬ 
ments  carried  out  by  Smith  and  Purcell  and  in 
similar  early  work  the  beam  diameter  was  much 
greater  than  2e.  When  this  is  the  case  the  emission 
from  individual  electrons  add  incoherently  and 
power  increases  linearly  with  beam  current.  This  is 
the  spontaneous  emission  or  shot  noise  regime. 

Each  mode  on  the  grating  consists  of  a  set  of 
space  harmonics.  Space  harmonic  components  with 
phase  velocities  which  fall  within  the  light  cone  on 
a  dispersion  plane  produce  the  outgoing  radiation. 
Space  harmonic  components  which  have  velocities 
which  fall  outside  of  the  light  cone  are  trapped  on 
the  surface.  In  addition  to  providing  beam-grating 
coupling  these  field  components  provide  a  distrib¬ 
uted  feed  back.  This  is  always  the  case  but  when  the 
beam  current  density  is  sufficient  the  system  enters 
a  super  linear  regime.  Output  power  then  increases 
in  proportion  to  a  substantial  power  of  the  current. 

The  details  of  this  super  radiant  operating  regime 
are  still  under  investigation  but  certain  general 
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Fig.  2.  Typical  power  versus  beam  current  relation. 


trends  have  emerged.  The  threshold  currents  in¬ 
crease  with  decreasing  beam  density.  Threshold 
currents  below  100  pA  have  been  observed  but 
typical  values  are  in  the  200-400  pA  range.  Since 
the  threshold  decreases  with  increasing  beam  cur¬ 
rent  density  but  decreasing  total  current,  it  is  as¬ 
sumed  that  limits  set  by  the  “surface  resonator” 
characteristics  of  the  grating  are  a  dominant  factor. 
A  typical  output  power  versus  beam  current  curve 
is  shown  in  Fig.  2.  In  the  lower  power  linear  regime 
the  measured  power,  100s  of  pW  in  the  threshold 
region,  are  in  accord  with  predictions  [8]  of  the 
theory  governing  the  spontaneous  emission.  Above 
threshold  peak  powers  of  100s  on  nW  are  easily 
obtained  and  power  levels  in  the  pW  range  (at 
the  detector)  have  been  observed.  At  high  levels  the 
signal  is  observed  directly  at  the  output  of  the 
silicon  composite  bolometer.  A  typical  pulse  is 
shown  in  Fig.  3. 

The  intrinsic  saturation  limit  for  the  system 
has  not  yet  been  established.  If  it  is  assumed 
that  the  basic  constraints  governing  e-beams 
and  gratings  are  similar  to  those  which  apply  to 
devices  such  as  Cherenkov  free-electron  lasers,  ulti¬ 
mate  electronic  efficiencies  in  the  0. 1-1.0% 
range  can  be  expected  from  an  optimized  system. 
This  would  provide  milliwatt  level  powers  from 
an  SEM  driven  device.  A  pulsed  system  may  pro¬ 
duce  greater  power.  The  present  power  levels  are 


Time  (ms) 

Fig.  3.  A  single  unaveraged  FIR  output  pulse  (solid)  for  an 
e-beam  pulse  (dotted)  near  the  high  end  of  the  SEM  current 
range.  The  wavelength  is  approximately  500  pm  (0.6  THz),  the 
grating  period  was  168  pm,  and  the  accelerating  potential  25  kV. 

already  useful  for  spectroscopic  investigations  and 
for  driving  heterodyne  mixers  with  low-power  re¬ 
quirements. 


4.  Tuning 

The  operating  wavelength  is  determined  by  the 
expression 

,2) 

which  is  often  referred  to  as  the  Smith-Purcell 
formula.  In  Eq.  (2),  t  is  the  grating  period,  |«|  is  the 
order  of  the  diffraction  and  6  is  the  angle  of  emis¬ 
sion  relative  to  the  beam  axis.  The  optical  system  in 
the  present  device  collects  only  the  normal  emis¬ 
sion.  Wavelengths  have  been  measured  with  an 
FIR  grating  spectrometer,  polarizing  and  non¬ 
polarizing  Michelson  interferometers  and  cutoff 
filters.  A  compilation  of  the  interferometer  data 
is  shown  in  Fig.  4. 

Operation  on  orders  other  than  the  first  is  pos¬ 
sible.  By  choosing  the  depth  of  the  slot  in  order 
to  reinforce  the  efficiency  on  a  particular  order, 
emission  on  that  order  will  be  dominant.  A 
typical  spectrum  from  the  Martin-Puplett  FTIR 
spectrometer  is  shown  in  Fig.  5  and  the  data  from 
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Fig.  4.  Compilation  of  measured  versus  predicted  wavelengths 
for  emission  in  the  normal  direction. 


Fig.  5.  A  typical  spectrum  produced  by  the  Martin- Puplett 
interferometer.  The  line  width  is  comparable  to  the  resolving 
power. 

Fig.  4  is  re-plotted  as  a  function  of  the  beam  velo¬ 
city  in  Fig.  6.  Grouping  in  various  orders  is  evident. 
Power  generated  on  the  higher  order  is  comparable 
to  the  output  that  can  be  obtained  from  a  grating 
which  has  the  same  period  but  which  has  been 
blazed  for  the  first  order. 


Fig.  6.  Measured  wave  numbers  in  units  of  the  grating  period(s) 
versus  relative  beam  velocity.  Three  orders  are  shown. 

5.  Conclusion 

To  date  operation  of  the  GCO  has  been  extended 
down  to  200  pm  wavelength.  Although  the  details 
of  a  theoretical  picture  are  still  unfolding,  evidence 
suggests  that  device  operation  relies  on  a  basic 
three-wave  coupling.  The  high  current  density 
beam  supports  fast  and  slow  (relative  to  the  beam 
velocity)  space  charge  waves.  Coupling  of  these 
beam  modes  with  a  co-synchronous  phase  velocity 
space  harmonic  on  the  grating  leads  to  a  growing 
mode  that  is  similar  to  a  Cherenkov  instability  [9], 
On  the  basis  of  this  analogy,  and  presuming  that 
e-beams  representative  of  the  electron  optical  state 
of  the  art  are  employed,  extensions  of  GCO  opera¬ 
tion  down  into  the  10s  of  pm  wavelength  range  is 
a  realistic  expectation.  With  improved  emittance 
this  extension  can  be  accomplished  without  a  dra¬ 
matic  change  in  the  beam  current  and  voltage.  The 
operational  limit  of  this  device  is  primarily  a  ques¬ 
tion  of  brightness.  If  pulsed  field  emitters  or  photo 
assisted  field  emission  cathodes  are  adapted  to 
GCO  operation,  and  the  beam  quality  maintained 
at  higher  (mildly  relativistic)  beam  energies,  then 
the  wavelength  would  be  further  reduced  and  out¬ 
put  power  increased.  Ultimately,  when  extending 
the  range  of  any  electron  beam  driven  coherent 
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source,  beam  quality  and  beam  energy  are  key 
parameters.  A  fundamental  conclusion  that  may  be 
drawn  from  the  present  experiments  is  that  sub¬ 
stantial  improvements  in  beam  emittance  and  en¬ 
ergy  spread  can  reduce  the  need  for  high  beam 
energy. 
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Abstract 

Recent  advancements  in  ultra-short-pulse  terawatt  IR/visible/UV  laser  technology  have  made  it  possible  to  consider 
particle-beam  energy  modulation  schemes  in  which  the  practical  field  amplitudes  of  the  laser  and  undulator  fields  in  an 
ultrarelativistic  electron  bunch’s  average  rest  frame  can  attain  comparable  magnitudes.  This  parameter  regime,  well 
outside  the  radiation  field  strengths  attainable  by  conventional  free  electron  lasers,  makes  possible  the  exploitation  of 
“relativistic  interferometry”,  viz.,  the  phenomenon  of  high-contrast  interference,  to  isolate  regions  in  the  longitudinal 
space  of  an  electron  bunch  on  the  order  of  one  laser  wavelength.  In  this  paper  we  review  selected  requirements  on  the 
laser  and  undulator  fields  to  generate  highly  efficient  microbunching  followed  by  coherent  radiation  at  a  substantially 
reduced  wavelength.  Conditions  on  the  electron  beam  quality,  as  well  as  selected  possibilities  for  new  modes  of  operation, 
are  summarized.  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 


Keywords:  Microbunching;  High-contrast  modulation;  Free  electron  lasers;  Relativistic  interferometry 


1.  Introduction 

In  practically  every  free  electron  laser  (FEL) 
heretofore  designed  or  operated,  the  radiation  field 
amplitude  in  the  rest  frame  of  the  electron  bunch 
is  overwhelmingly  dominated  by  the  field  ampli¬ 
tude  of  the  insertion  device.  For  example,  in  a 
gain-saturated  1.5  A  SASE  LCLS  driven  by  a 
15  GeV  beam  with  a  1  mm  mrad  normalized  emit- 
tance  [1],  an  output  power  of  100  GW  and  an 
undulator  field  of  1.3  T  in  the  laboratory  frame  are 
transformed,  respectively,  into  bunch-frame  ampli- 
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tudes  of  ~  0.0400  T  versus  ~  13000  T.  In  prior 
work,  the  relatively  recent  advent  of  ultrashort- 
pulse  IR/visible/UV  lasers  in  the  terawatt  range  [2] 
was  adopted  as  a  premise  for  considering  the  prep¬ 
aration  of  electron  bunch  frames  in  which  the  prac¬ 
tical  field  amplitudes  and  wavelengths  of  the  laser 
and  insertion  device  could  be  made  equal,  leading 
to  the  possibility  of  inducing  high-contrast  (HC) 
interference  effects,  in  particular  on  the  spontan¬ 
eous  radiation  and  particle  energy  [3]  distribu¬ 
tions.  A  basic  motivation  in  these  initial  studies  was 
-  and  remains  -  the  generation  of  ultrashort  (sub¬ 
femtosecond)  radiation  pulses.  In  subsequent  pa¬ 
pers  [4,5],  the  energy  modulation  of  single  particles 
in  this  regime  was  analyzed  and  confirmed  the 
initiation  of  conditions  for  rapid  bunching,  which, 
if  attained,  could  be  used  to  generate  coherently 
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enhanced  radiation  at  substantially  reduced  wave¬ 
lengths.  More  recently  [6],  these  studies  were 
extended  to  preliminary  simulations  of  collective 
dynamics  within  a  cold  bunch.  In  the  present 
paper  the  basic  principles  of  HC  systems  are  re¬ 
viewed  with  the  aim  of:  (1)  clarifying  the  basic 
physics  involved,  and  (2)  deriving  simple  expres¬ 
sions  for  the  initial  evaluation  or  design  of  practical 
configurations.  Selected  possibilities  for  further  de¬ 
veloping  the  HC  modulation  technique  are  dis¬ 
cussed  and  some  recent  preliminary  simulations  of 
warm-beam  effects  on  the  bunching  process  are 
presented. 


2.  Physical  principles:  single-electron  dynamics 

A  layout  of  the  basic  constituents  of  a  HC  modu¬ 
lation  (HCM)  and  bunching  system  is  schematized 
in  Fig.  1.  A  high-intensity  radiation  (e.g.,  laser) 
pulse  (or  synchronized  group  of  superimposed 
pulses)  of  wavelength  2r  and  normalized  vector 
potential  Kr  intercepts  a  high-quality,  high-density 
electron  beam  at  angle(s)  9  along  the  axis  of  a  static 
or  dynamic  field  synthesizer  (FS)  [7].1  The  FWHM 
bunch  length  is  ~y/2n<TB  and  the  FS  parameters 
are  2U  and  Ku.  We  adopt,  as  a  practical  working 
definition  of  HCM,  the  relation  O (Kr)  =  0(KU).  The 
polarizations  of  the  field  sources  can  be  arbitrary, 
but  each  one  will  be  assumed  linear  for  the  present 
discourse.  An  essential  attribute  of  the  FS  is  its 
ability  to  generate  arbitrary  near-axis  field  distribu¬ 
tions,  and  in  particular  accurately-scaled  replica¬ 
tions  of  the  superimposed  laser-field  components. 
Inside  the  FS,  the  laser  imparts  an  energy  modula¬ 
tion  profile  to  a  region  of  the  bunch.  This  modula¬ 
tion  induces  a  (ballistic)  bunching  drift  inside  the 
beam  which  can  be  further  modified  with  suitably 
designed  dispersion  regions,  which  can  also  com¬ 
prise  sections  of  a  FS.  The  conditions  for  max¬ 
imum-contrast  interference  of  the  radiation  and  FS 
fields  in  the  rest  frame  of  the  electron  bunch  are 


1  Although  in  the  present  article  we  focus  primarily  on  ultra- 
short  laser  pulses  (down  to  the  order  of  a  few  wavelengths  long) 
and  static  magnetic-field  FSs,  the  general  HC  modulation  and 

bunching  system  need  not  be  restricted  to  these  conditions. 


straightforwardly  derived  to  be  [8] 

Xr  =  Xu(l-P*cos6)  (1) 

and 

Br^BJ{  1  -  £*cos  9)  (2) 

where  fi*  =  ^/l  —  y*“2,  y*  —  y/>/  1  +  K2/2,  and 
y  is  an  (incoming)  electron’s  Lorentz  factor.  For 
9<  1,  Eqs.  (1)  and  (2)  reduce  to  2r^(2u/2) 
((y ; *)  “  2  +  92)  and  Bt  £  2Bj((y*)  ~  2  +  9 2).  Upon 
compression  of  the  modulated  region  down  to 
a  (microbunched)  length  dmin,  the  beam,  or  a  suit¬ 
ably  filtered  portion  thereof,  is  sent  through  a  radi¬ 
ator  of  period  2R  >  4y*2dmin,  from  which 
a  coherently  enhanced  radiation  pulse  of  wave¬ 
length  2r  2r  is  emitted.  The  maximum  number 
of  radiator  periods  usable  for  this  purpose  will  in 
principle  be  limited  by  the  time  it  takes  for  the 
bunching  to  relax,  diffuse,  or  scatter  back  to  the 
condition  Amin  >  (2R/2y*2).  It  should  be  evident 
from  these  descriptions  that  the  basic  elements  and 
selected  processes  of  the  HC  system  have  their 
counterparts  in  the  optical  klystron  (OK)  [9-11] 
and  free  electron  laser  (FEL)  [12].  Indeed,  the  basic 
single-electron  dynamics  underlying  the  energy 
modulation  can  be  described  by  the  same  equa¬ 
tions.  However,  as  will  be  outlined  below,  signifi¬ 
cant  differences  in  the  detailed  physics  can  arise 
from  the  highly  disparate  parameter  regime  of  HC 
modulation,  as  well  as  from  the  basically  different 
phenomena  involved  in  the  collective  (bunching) 
dynamics. 

Our  single-particle  analysis  will  apply  explicitly 
to  linearly  polarized  fields,  following  the  approach 
of  Colson  [13].  The  equations  of  motion  for  the 
transverse  (y)  and  longitudinal  (z)  trajectory  com¬ 
ponents  can  be  written  as 

«=«-4£,  +  c,W,  (3) 


and 


d(mcyfi:) 

— ^ — =  —  cqPy,Bx 

along  with  the  energy-transfer  equation 


(4) 


y  = 


cm 


:PyEr 


(5) 
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Fig.  1.  High  contrast  modulation  (HCM)  and  dispersion-assisted  bunching  (A)  followed  by  coherence-enhanced  radiation  (B).  For 
ballistic  bunching,  XD  =  0.  The  FS  can,  in  general,  generate  arbitrary  static  or  dynamic  field  distributions  with  components  along  all 
three  axes. 


Taking  Ey  =  ETsin[1](2K(ct  —  z)/2r  +  (j>T)  and  Bx  = 
Bu  sin[1](27tz//Lu  +  (j>u) -(Er/c)sin[1\2n(ct  -z)/Xr  +  <j>T), 
with  0  =  0  rad,  and  the  bracketed  exponents  denot¬ 
ing  the  number  of  integral  sinusoidal  cycles,  the 
following  expressions  for  the  transverse  onormalized 
velocity  and  longitudinal  acceleration  are  derived: 


Py  =  -  y  COSm^y  (ct  -z)  +  <p)j 

-~/cos  +  4>^j 

and 


2ncKrKy 

K’i 


sin[1I|  2n 


(ct  -  z)  2 

-T~  \  +  <Pvt  —  <Pr 


1 

+  2 


Xr  X 
4t t 


u_ 


sin[2J(  —  (ct  —  z)  +  2  <j)r 


(6) 


(7) 


where  the  indexed  </>’ s  determine  the  phases  of  the 
laser  and  undulator  fields  with  respect  to  the  elec¬ 
tron  in  question.2  Although  this  does  not  allow  for 


2  These  field  distributions  are,  strictly  speaking,  unphysical. 
The  approximation  is,  notwithstanding,  reasonable  in  that:  (1)  it 
allows  the  systematic  study  of  HC  modulation  by  a  progressive 
increase  in  the  number  of  “single”  cycles,  and  (2)  it  can  in  fact 
provide  insight  into  the  evolution  of  an  actual  HC  bunching 
distribution,  which,  due  to  the  highly  non-linear  dynamics,  can 
be  made  to  develop  a  single  dominant  bunched  peak.  In  the 
general  case  more  realistic  field  distributions  can  of  course  be 
employed  using  numerical  simulations. 


a  fully  general  source  decomposition,  it  suffices  to 
explore  the  basic  physics  of  HCM.  We  note  the 
explicit  dependence  of  both  motion  components  on 
z.  In  general,  the  functional  dependence  of  z  on  t  is 
complicated,  and  can  ordinarily  be  expressed  as 
a  Fourier  series  (or,  in  our  limit,  a  Fourier  integral) 
in  t .  The  significance  of  higher-order  spectral  terms 
is  dependent  on  the  amplitude  of  the  coefficient  of 
Eq.  (7),  which  is  seen  to  be  directly  proportional  to 
KrKu  and  inversely  proportional  to  Xuy2.  Although 
the  investigation  of  Eqs.  (6)  and  (7)  for  small- 
through-large  values  of  both  these  factors  is  of 
legitimate  concern  for  HCM,  we  restrict  ourselves 
in  this  paper  to  the  ranges  Xuy2  >  1  m  and 
0.005  <  Kr  ~  Ku  <  0.25,  the  lower  bound  of  the 
latter  constraint  stemming  from  present-day  tech¬ 
nological  limitations  on  implementing  long-period 
insertion  devices  with  overly  weak  fields.  In  this 
regime,  z  =  / 3*ct ,  the  z- velocity  in  the  bunch  frame, 
i4  is  non-relativistic,  and  the  visualization  of  the 
dynamics  contained  in  Eqs.  (6)  and  (7)  is  corre¬ 
spondingly  simplified. 

Given  the  above  approximations  and  assump¬ 
tions,  a  number  of  basic  results  follow.  For  an 
initial  transverse  velocity  of  zero,  the  fields  impart 
no  net  transverse  kick  to  the  electron,  irrespective 
of  their  phases,  so  long  as  their  1st  field  integrals  are 
zero  (Eq.  (6)).  The  initial  transverse  position,  how¬ 
ever,  proportional  to  the  difference  of  the  2nd  field 
integrals,  need  not  remain  constant  [4].  For  the 
condition  on  Xu  versus  Xr  expressed  in  Eq.  (1),  the 
upper  expression  in  square  brackets  in  Eq.  (7)  ap¬ 
proaches  zero,  and  the  time-dependent  parts  of  the 
arguments  in  the  lower  bracketed  expressions  ap¬ 
proach  equality.  Thus,  the  magnitude  and  sign  of 
the  longitudinal  acceleration  imparted  to  a  bunch 
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electron  are  determined  primarily  by  its  phase  rela¬ 
tive  to  the  laser  and  FS  fields.  In  this  regard  we  note 
that  the  direction  of  electron  motion  in  z  is  always 
directed  toward  the  nearest  minimum  of  /?z,  indicat¬ 
ing  the  onset  of  dynamic  bunching. 

We  can  now  derive  a  number  of  useful  expres¬ 
sions  for  assessing  HC  modulation  systems  in  this 
parameter  regime.  Using  the  Einstein  velocity- 
addition  formula  [8]  and  the  above  equations,  the 
maximum  normalized  energy  and  velocity  kicks 
(i.e.,  for  \(pr  -  (j)u |  =  n/2)  imparted  to  a  bunch  elec¬ 
tron  in  the  lab  frame  are  given,  respectively,  by:  (1) 
Ay^2uyKrKw  and  (2)  Afiz^2nKTKJy2.  The  corre¬ 
sponding  absolute  energy  and  velocity  kicks  in  the 
bunch  frame  are:  (1)  AE  ^  2n2mec2(KrKu)2  J,  and 
(2)  Av'z^2ncKrKu  m/s.  We  can  now  compare  se¬ 
lected  features  of  HCM  versus  OK  (or  FEL)  sys¬ 
tems  running  at  similar  wavelengths.  In  the  latter, 
Kr  ~  0(10“  5-10-7)  at  saturation,  and  4-5  orders 
of  magnitude  smaller  than  that  at  the  FEL  en¬ 
trance,  Thus,  even  for  a  high-Ku  FEL  the  net  longi¬ 
tudinal  kinetic  energy  extracted  from  a  bunch 
electron  will  be  considerably  smaller  than  in  a  typi¬ 
cal  HCM  system  with,  e.g.,  KT  ~  Ku  ~  0.1.  Further¬ 
more,  the  net  energy  exchange  in  an  OK  or  FEL 
accrues  over  many  periods  Nu  -  typically  of  the 
order  of  103,  whereas  the  net  gain  (or  loss)  in  HCM 
is  attained  over  a  substantially  smaller  number  of 
periods  (e.g.,  for  the  case  being  considered,  Nu  —  1). 
Thus,  the  average  relative  energy  transfer  per  peri¬ 
od  in  a  typical  FEL  is  of  the  order  of  1  /(iVu)2,  or 
~  10“ 6,  justifying  its  characterization  as 
“adiabatic”,  whereas  the  HCM  loss  (or  gain)  per 
period,  typically  0(0.1  —  0.01),  could  be  more  aptly 
termed  as  “high-action”,  or  “rapid”.  Based  on  these 
observations,  a  relevant  criterion  for  distinguishing 
a  HCM  system  versus  a  FEL  or  OK  modulating 
at  a  similar  wavelength  can  be  expressed  as 

(KrKu)HCM  >  (KrKu)FEL  OK- 


HCM  system  plays  an  initially  minor,  if  not  negli¬ 
gible,  role.  Upon  modulation  by  the  (exogenous) 
radiation  field,  the  bunching  in  the  electrons’  rest 
frame  is  mediated,  in  the  non-relativistic  limit3  by 
an  exchange  between  the  electrons’  acquired  kinetic 
energy  and  the  electrostatic  potential  energy  asso¬ 
ciated  with  the  gradually  evolving  particle  density. 
Just  as  in  an  FEL,  however,  the  dynamics  is  still 
governed  by  the  self-consistent  interaction  among 
all  the  particles  moving  in  the  combined  undulator, 
Coulomb,  and  radiation  fields. 

The  combined  collective  modulation  and  bunch¬ 
ing  in  the  general  HCM  system  can  be  described  by 
an  unrestricted  Vlasov  equation  [14].  If  the  overall 
process  can  be  approximated  as  a  sequence  of  two 
independent  sub-processes,  viz.,  modulation  fol¬ 
lowed  by  ballistic  bunching,4  the  (dissipation-free) 
Vlasov  equation  governing  the  dynamics  of  the 
bunching  phase  can  be  written  as 


dL 

dt  dr  4ns0  dv 


f-— 

}dr\r  —  r'l 


f(r,v,t)dr’dv  (8) 


where  the  term  on  the  right  describes  the  interpar¬ 
ticle  Coulomb  interactions,  and  f  the  particle  distri¬ 
bution,  is  assumed  to  carry  the  fields’  velocity 
modulation  imprint,  v(r(0)),  as  an  initial  condition. 
We  point  out,  in  passing,  that  for  arbitrary  HCM 
fields  and  distributions/,  Eq.  (8)  cannot  in  general 
be  linearized  and  must  be  solved  either  numeri¬ 
cally  or  approached  with  alternative  analytical 
techniques. 

Prior  to  performing  numerical  simulations  based 
on  Eq.  (8),  it  is  instructive  to  first  assess  the  bunch¬ 
ing  process  for  an  idealized  case.  In  our  treatment, 
we  reduce  the  dimensionality  of  the  problem  from 
3-D  to  1-D  by  first  partitioning  the  bunch  longitu¬ 
dinally  into  infinitesimal  slices  of  thickness  Sz.  In 
view  of  the  finite  bunch  radius,  rb,  we  assume  the 


3.  Physical  principles:  collective  dynamics 

As  opposed  to  a  FEL  or  OK,  in  which  the 
radiation  scattered  off  the  electrons  and  the  inter¬ 
particle  Coulomb  forces  both  act,  in  general,  as 
essential  factors  in  the  energy  modulation  and 
bunching  processes,  the  scattered  radiation  in  an 


3  In  this  limit  we  can  disregard  interactions  stemming  from 
the  particles’  magnetic  fields. 

4  This  approximation  (equivalent  to  taking  Kr~Ku4  1),  al¬ 
though  admittedly  inexact,  is  justifiable  for  the  systems  analyzed 
in  this  paper.  Since  Av'z  c,  and  the  modulation  employs 
single-cycle  fields,  the  assumption  is  that  the  particles  have 
moved  over  only  a  small  fraction  of  =  2Jy*)  by  the  time  the 
two  fields  have  passed  through. 
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force  between  any  two  such  slices  to  vary  inversely 
with  (1  +  (Az'/rb)2),  where  A z'  is  the  inter-slice  dis¬ 
tance  in  the  bunch  frame.  We  next  estimate  the 
potential  energy  of  a  collapsed  sheet  containing  all 
the  charge  from  a  linearly  modulated  region  of 
extent  by  integrating  work  over  pairs  of  charge 
sheets.  We  thus  find  that  the  peak  velocity  required 
(assuming  linear  modulation)  to  compress  the  given 
region  into  an  infinitesimal  sheet  (at  which  point 
the  total  kinetic  energy  will  vanish)  is  approximable 
by 


Ai4(cr)  = 


mey2s0 


m/s 


(9) 


where  q  and  me  are  the  electronic  charge  and  mass, 
pB  is  the  lab-frame  charge  density,  and  is  the 
permittivity  of  free  space,  all  in  MKS  units.  We 
note  that  for  any  set  (pB^u>*W)  there  are  evidently 
three  relevant  modulation  regimes,  viz.:  I. 
Avz  <  A^(cr)  (undermodulation);  II.  Av'z  >  Av'z(CR) 
(overmodulation);  III.  Ai4  =  Ai4(CR)  (critical  modu¬ 
lation);  and  that  A^(CR)  varies  inversely  with 
a  power  of  y  higher  than  unity. 

Using  the  1-D  model  approximation  to  Eq.  (8), 
several  numerical  simulations  of  a  typical  HCM 
systems’s  bunching  dynamics  using  different  energy 
modulation  distributions  of  Gaussian  beams  [6] 
were  performed.  Recent  extensions  of  the  model 
code  to  include  energy  spread  within  the  bunch 
were  also  calculated.  Here  we  present  results 
for  a  linear  modulation  profile,  Av'z  = 
(2y *  | A v'z{MAX) \ / 2u)z',  with  z'  =  0  the  position  midway 
between  the  approaching  fields.  In  the  top  line  of 
Fig.  2  we  plot  the  evolution  of  bunching  for  regimes 
I.  (a),  II.  (b),  and  III.  (c)  in  a  cold  10  nC  beam  using 
velocity  modulation  amplitudes,  |A^(MAX)|,  of  0.1c, 
0.15c,  and  0.12c,  respectively.  As  expected,  under¬ 
modulation  leads  to  the  longest  bunching  time  and 
results  in  underbunching,  while  overmodulation  in¬ 
duces  the  quickest  bunching  with  only  a  transitory 
attainment  of  the  bunching  peak.  In  the  second  line 
of  Fig.  2  we  present  histograms  of  the  evolving 
macroparticle  distribution  in  regime  III.  (corre¬ 
sponding  to  Fig.  2(c))  for  bunch  frame  times  of  0  ps 
(d),  3.5  ps  (e),  and  5.25  ps  (f).  The  last  plot  (f)  shows 
only  a  coarse  approximation  to  the  actual  theoret¬ 
ical  maximum  of  1000  since:  (1)  no  search  for  the 


precise  time  of  the  maximum  peak  was  made,  and 
(2)  the  electric  field  fluctuations  associated  with  the 
model  distribution’s  (relatively  large)  density  fluc¬ 
tuations  would  in  any  case  tend  to  inhibit  the 
attainment  of  a  perfectly  compressed  peak.  In  Fig. 
2(g)  the  effect  of  an  0.1%  1-cr  energy  spread  on  the 
bunching  process  of  (d-f)  is  displayed.  In  Figs.  2(h) 
and  (i)  the  evolution  of  the  electric  field  distribu¬ 
tions  in  the  bunch  frame  for  the  regime  III  case  with 
0.0%  versus  0.1%  energy  spreads  are  shown.  The 
graphs  reveal  the  basic  features  of  the  bunching 
process,  supporting  the  results  derived  analytically 
in  the  above-cited  work.  As  our  numerical  simula¬ 
tion  code  has  not  yet  been  extended  to  incorporate 
the  modulation  interaction  or  the  action  of  addi¬ 
tional  dispersion  fields  into  the  bunching  dynamics, 
analytical  estimates  for  the  minimum  attainable 
bunch  length  Amin  in  a  dispersion  section  of  length 
Ld  in  terms  of  the  electron  beam’s  emittance  para¬ 
meters  (assuming  a  net  linear  modulation)  have 
been  worked  out  [5].  The  basic  results  can  be 
summarized  by  the  ratio 

+  W?  +  <Th2))27$4  (10) 

K  Ay1Nv 

where  Ay1N  is  the  total  modulation  increment,  <rE  is 
the  standard  deviation  of  the  normalized  random 
energy  spread,  c'y  and  are  the  standard  devi¬ 
ations  of  the  beam’s  transverse  emittance  angles, 
and  =  y/J  1  +  (K^/ 2),  where  KD  is  the  nor¬ 
malized  vector  potential  of  the  dispersion  region. 
Eq.  (10)  can  be  used  (with  KD  =  0)  as  an  approxim¬ 
ate  check  on  the  peak  bunching  reduction  dis¬ 
played  in  Fig.  2(g). 


4.  Radiation  performance 

Estimates  of  the  radiative  output  characteristics 
of  the  microbunched  beam  in  a  radiator  field  fulfill¬ 
ing  the  condition  2R  >  4 y*2Amin  are  readily  derived. 
Here  we  restrict  ourselves  to  assessments  of  the 
total  emitted  energy  and  output  power  in  the  lab 
frame.  The  maximum  possible  spontaneous  emis¬ 
sion  power  can  be  expressed  in  MKS  units  as 
PSP  =  Nely4'q2iv2yt/(6K80c3)'],  where  iVe  is  the  num¬ 
ber  of  bunch  electrons  and  the  quantity  in  brackets 
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Fig.  2.  Bunching  and  electric  field  distributions  in  the  rest  frame  of  a  cylindrical  electron  beam  with  longitudinally  Gaussian  and 
transversely  uniform  density  profiles.  Beam  parameters:  y  =  300;  y/lnaB  =  0.5  mm;  rb  =  100  pm;  Ne  —  1011;  number  of  macro¬ 
particles  ^104  (contained  in  a  region  of  length  1 (Uu/y*  at  the  center  of  the  bunch);  electrons  /macroparticle  ^8.9  x  104.  To  enhance 
the  resolution  only  the  central  2000  macroparticles  containing  the  modulated  region  are  displayed  in  a-c;  in  d-i,  the  central  3700. 
For  graphs  a-f,  and  h,  aE  =  0.0;  for  g  and  i,  aE  =  0.001. 


is  an  approximation  to  the  relativistic  Larmor  for¬ 
mula  [15].  The  maximum  coherent  emission  power 
is  given  by  a  similar  expression,  but  with  the  factor 
Ne  replaced  by  (NJ.r/^/2naB)2.  The  ratio  ?7hcm  of 
the  total  number  of  coherent  photons,  NCOh>  emit¬ 
ted  by  the  microbunch  to  the  spontaneous  number 
NSP  emitted  by  the  entire  bunch  is  consequently 
^hcm  =  (^coH/^sp)  =  Ne(Xr/y/2naB)2.  For  broad 
ranges  of  readily  implemented  linac  beam  para¬ 
meters,  it  is  readily  verified  that  ^hcm  >  1.  In  practi¬ 
cal  terms,  the  number  of  spontaneous  photons 
emitted  by  the  Ne  bunch  electrons  passing  through 
an  JVR-period  radiator  can  be  expressed  as 
NSP^7.61  x  10"3iVeKRjVR,  and  an  upper  limit  on 


the  emitted  coherent  power  by 

Pcoh[W]s  1.585  x  10-14A?CMiVe(BR[T])2.  (H) 

A  set  of  parameters  for  a  representative  HCM  bun- 
cher/radiator  case  is  listed  in  Table  1  (cf.  Fig.  1  and 
Eq.  (10)).  We  observe,  in  Eq.  (11),  the  scaling  of 
PCOH  with  (Sr)2.  This  indicates  that  in  cases  where 
Kr  is  initially  small  the  coherent  in-band  power 
from  a  single  microbunch  could  be  substantially 
increased  -  perhaps  well  toward  the  multi-gW  level 
-  by  substantially  increasing  the  radiator  field. 
Fields  up  to  the  order  of  5T  (versus  the  ~  1  T  as¬ 
sumed  in  the  table)  could  be  readily  generated  using 
a  pulsed  FS. 
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Table  1 

System  and  radiation  output  parameters  of  a  HCM  ultra-short 
pulse  buncher/radiator.  Longitudinal  beam  profile  Gaussian; 
transverse  profile  flat 


Ultra-short  pulse  generator  parameters  (y 
pB  =  10.6  C/m3) 

=  300;  rb  —  100  pm; 

Bunch  charge 

InC 

3000  pm 

o 

K 

4800  A 

K 

8  cm 

<Te 

0.1% 

0V 

0.1  mr 

0.1  mr 

kd 

1 

Ld 

0.355  m 

Ay/y 

0.05 

■^min 

240  A 

kr 

-1 

Compression  ratio  (Amin/2r) 

6% 

480  A  coherent  photons/pulse 

7.0  x  109 

Peak  coherent  output  power 

0.18  GW 

5.  Selected  aspects  of  high  contrast  modulation 
and  bunching 

Perhaps  the  most  critical  aspect  of  prior  and 
current  studies  of  HCM  has  been  the  emphasis  on 
ultra-short  pulse  generation.  This  has  facilitated  the 
tractability  of  our  exploratory  analyses  of  both 
modulation  and  bunching  using  single-cycle  fields. 
In  actuality,  of  course,  an  ultra-short  pulse  may 
span  more  than  one  cycle  and  will  always  have 
non-instantaneously  decaying  edge  derivatives.  If 
the  FS  replicates  this  distribution  then  it  is  clear 
that  the  modulated  region  will  also  extend  over 
more  than  twice  one  period.  We  can  note,  however, 
that  the  non-linearity  of  the  bunching  and  radi¬ 
ation  process  will  tend  to  give  a  strong  preference 
to  the  global  maxima  of  the  velocity  interference 
pattern.  Consequently,  by  using,  e.g.,  Fourier  trans¬ 
form  techniques  to,  say,  sharply  peak  the  center  of 
a  laser  pulse  containing  a  small  number  of  cycles,  it 
should  be  possible  to  generate  a  micro-bunched 
pulse  train  in  which  the  radiation  from  a  single 
microbunch  is  overridingly  dominant.  In  the  gen¬ 
eral  case,  many  other  interesting  possibilities  arise. 
For  example,  for  sufficiently  small  Kr  and  Ku  the 
modulation  pattern  will  approximate  to  the  convo¬ 


lution  of  the  laser  and  FS  pulse  trains.  Thus,  two 
fields  with  flat-top  envelopes  will  generate  a  pattern 
with  a  pyramid-shaped  envelope.  This  hints  at  the 
wide  range  of  possibilities  -  and  challenges  -  for 
imposing  arbitrary  bunch  structures  on  arbitrar¬ 
ily-distributed  beams,  e.g.,  in  the  event  that  both 
Kr  and  Ku  are  appreciable,  it  should  be  evident  that 
for  N„Nf s  >  1  the  dynamics  of  the  system  will  no 
longer  be  separable  into  independent  modulation 
and  bunching  phases,  the  general  form  of  the 
Vlasov  equation  will  need  to  be  employed  in  com¬ 
puter  simulations,  and  the  modulation/bunching 
patterns  will  no  longer  be  approximable,  in  general, 
by  a  straightforward  convolution  of  the  system 
fields. 

A  second  critical  point  concerns  our  assumption 
of  0  =  0  rad  for  the  analyses  and  calculations  de¬ 
scribed  in  this  paper.  By  varying  this  parameter  (in 
conjunction  with  the  k-vector(s)  and  polarizations 
of  the  radiation  and  FS  fields),  substantial  reduc¬ 
tions  in  the  scaling  of  the  required  laser  field 
strength  and  period  in  relation  to  those  of  the  FS 
could  be  realized,  and  a  broad  range  of  novel  vari¬ 
ations  in  the  energy  modulation  and  bunching  dis¬ 
tributions  would  become  accessible. 

An  interesting  possibility  for  extending  the  pres¬ 
ent  HCM  scheme  would  be  to  post-accelerate  the 
beam  following  an  initial  modulation  phase.  Eq.  (9) 
reveals  that  the  potential  barrier  to  bunching  is 
lowered  inversely  with  a  power  of  y  greater  than  2. 
Thus,  tailoring  the  initial  modulation  and  post- 
accelerating  field  profiles  could  lead  to  the  prepara¬ 
tion  of  optimally  microbunched  beams  at  substan¬ 
tially  higher  energies.  Another  interesting  extension 
could  involve  the  restriction  of  FS  and  laser  fields 
to  the  combinations  of  one  or  more  higher  multi¬ 
pole  distributions  for  tailoring  the  energy  modula¬ 
tion  in  directions  transverse  to  the  beam  axis.  An 
extension  of  this  technique  would  be  to  prepare 
non-zero  field  integrals  of  selected  multipole  com¬ 
ponents  (including  the  dipole).  This  would  allow 
the  design  of  transverse  velocity  modulation  pro¬ 
files,  which  could  be  used  for  phase-space  filtering 
of  the  modulated/bunched  region(s)  independently 
of  the  overall  bunch. 

A  potentially  important  application  of  HCM 
would  be  to  attempt  the  longitudinal  compression 
of  a  whole  electron  bunch  at  a  relatively  low  value 
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Table  2 

Fundamental  differences  between  “single-cycle”  HCM/bunching  and  multiple-period  FEL  (or  OK)  systems 


FEL/OK 


HCM 


Modulation  and  bunching  adiabatic 
Relative  energy  change/period  ~  0(1 0-6) 

Electrons  interact  over  “co-operation  length”  ~  Nu2JiO 
Self-consistent  interactions  through  radiation  + 

Coulomb  fields  essential  to  modulation/bunching 

Dynamics  can  be  linearized 
Modulation/bunching  process  periodic 
(quasi-periodic  (chirped)  in  a  tapered  FEL) 

Modulated  bunch  typically  Nu2r/ 10 


Modulation  and  bunching  rapid 
Relative  energy  change/period  ~  O(10~2) 
Electrons  interact  over  0(1)  period 
Electron-scattered  radiation  plays  an  initially 
minor  role.  Self-consistent  interactions 
through  Coulomb  fields  dominate 
Dynamics  strongly  non-linear 
Modulation/bunching  patterns  less  restricted 

Modulated  bunch  region  typically  ~  O(L) 


of  gamma,  followed  by  acceleration.  In  this  case 
Xx  >  implying  the  use  of  high-intensity 

mm-wavelength  fields.  Due  to  the  small  (and  “soft”) 
radiation  losses  in  such  a  system,  the  technique, 
if  successfully  developed,  could  perhaps  help  to 
circumvent  potential  limits  set  by  coherent  syn¬ 
chrotron  radiation  (CSR)  effects  in  high-energy 
chromatic  compressors  [16,17]. 

Finally,  throughout  this  paper  we  have  empha¬ 
sized  the  relationship  of  HCM  to  OK  and  FEL 
phenomena.  We  conclude  this  section  with  a  sum¬ 
marization  of  some  of  the  basic  distinctions  be¬ 
tween  these  two  physical  regimes  in  Table  2. 

6.  Summary 

We  have  summarized  recent  studies  of  HCM 
systems  and  pointed  out  a  number  of  potential 
applications  for  particle-beam  and  radiation  source 
physics.  It  is  perhaps  not  superfluous  to  note  that 
HCM,  as  analyzed  in  this  article,  could  be  con¬ 
sidered  practicable  for  beam  energies  up  to  the 
2-3  GeV  range,  provided  FS  structures  of  up  to 
2-4  m  in  length  and  with  fields  controllable  down 
to  the  order  of  a  few  gauss  could  be  implemented.5 
These  requirements  could  of  course  be  substan¬ 
tially  eased  with  the  advent  of  reliable  UV  lasers 


5  A  basic  limit  on  the  modulating  FS  length  will  be  set  by  the 
Rayleigh  range  and  waist  size  of  the  laser  pulse  (assuming  no 
additional  optics  in  the  interaction  region). 


approaching  the  petawatt  range,  or,  alternatively, 
by  operating  at  0  >  1  /y*  with  lower-power  sources 
set  in  axisymmetric  configurations.  In  the  shorter 
term,  it  appears  that  the  still-limited  availability  of 
femtosecond,  terawatt  lasers,  is  in  part  compen¬ 
sated  by  the  fact  that  such  devices  are  likely  to  be 
employed  anyway  at  FEL  facilities  driven  by 
photocathode  RF  guns,  and  there  is  a  reason  to 
expect  that  these  may  start  becoming  more  preva¬ 
lent.  Moreover,  collateral  improvements  in  laser 
performance  and  parameter  values  [18],  coupled 
with  reductions  in  cost,  can  be  expected  to  con¬ 
tinue.  Apart  from  this,  the  other  basic  constituents 
of  an  HCM  and  bunching/radiating  system,  viz., 
a  high-quality,  high  current  electron  beam  and  a  FS 
insertion  device(s)  are  either  in  the  process  of  being 
developed  at  a  number  of  laboratories  [7,19],  or 
can  be  approximated  to  with  existing  resources. 
For  example,  even  with  the  substantially  poorer 
compression  expected  for  a  storage  ring  beam,  the 
impressive  output  predicted  by  Eq.  (11)  -  coupled 
with,  say,  a  high-KR  radiator  for  harmonic  genera¬ 
tion  -  strongly  suggests  that  HCM  could  be  pro¬ 
ductively  applied  to  recirculating  beams  as  well.6 
Given  the  apparent  richness  of  HCM  physics,  we 


6  For  example,  for  a  2  GeV  beam  with  3xlOu  par- 
ticles/bunch  and  a  bunch  length  of  3  cm,  coherent  output 
powers  could  approach  the  TW  range.  We  note,  however,  that 
the  higher  relative  energy  spread  of  the  circulating  beam,  which 
would  inhibit  the  attainment  of  large  wavelength  reductions  (as 
predicted  by  Eq.  (10)),  would  make  the  attainment  of  even  higher 
in-band  powers  substantially  more  difficult. 
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believe  that  undertaking  such  efforts  is  likely  to 
further  the  understanding,  control,  and  metrology 
of  particle  beams,  and  contribute  to  the  develop¬ 
ment  of  FEL,  OK,  and  other  4th  generation  radi¬ 
ation  sources. 
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Abstract 

Using  a  magnetic  bunch  compression  method,  a  26.5  MeV  subpicosecond  electron  single  bunch  was  generated  with  the 
L-band  linac  of  Osaka  University.  The  coherent  transition  radiation  emitted  from  the  subpicosecond  single  bunch  was 
observed  at  wavelengths  from  100  to  700  pm.  The  intensity  was  7.9  x  109  times  higher  than  that  of  the  incoherent 
transition  radiation  obtained  by  calculation.  The  length  of  the  compressed  electron  bunch  was  evaluated  to  be  roughly  50 
fs  (rms)  from  the  analysis  of  the  spectra  of  the  transition  radiation.  The  coherent  transition  radiation  has  high  enough 
intensity  to  be  applied  to  pulse  radiolysis  as  a  pulsed  light  source.  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 

PACS :  29.17;  43.60;  41.75;  82.50 

Keywords:  Coherent  transition  radiation;  Subpicosecond  electron  bunch;  Far-infrared;  Pulse  radiolysis;  Pulsed  light  source 


1.  Introduction 

The  radiation  emitted  from  an  electron  bunch  is 
coherent  at  wavelengths  longer  than  the  length  of 
the  electron  bunch.  The  intensity  of  the  coherent 
radiation  is  enhanced  by  the  factor  of  the  number  of 
electrons  in  a  bunch.  Coherent  radiation  is  ex¬ 
pected  to  be  a  new  pulsed  light  source  in  the  far- 
infrared  region.  Coherent  radiation  was  first  ob¬ 
served  for  synchrotron  radiation  [1].  For  the  other 
radiation  processes,  coherency  was  also  observed  at 
wavelengths  longer  than  the  bunch  length  [2,3]. 

In  the  field  of  radiation  chemistry,  the  pulse 
radiolysis  method  is  used  to  observe  ultrafast 
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phenomena.  In  particular,  a  stroboscopic  pulse 
radiolysis  method  is  available  for  time-resolved  ab¬ 
sorption  spectroscopy  in  the  picosecond  time  re¬ 
gion.  Investigation  on  ultrafast  phenomena  in  the 
picosecond  time  region  has  been  started  using 
a  picosecond  electron  bunch  generated  with  a  linac 
and  the  Cherenkov  radiation  emitted  from  them 
[4-6].  For  the  absorption  spectroscopy,  the  elec¬ 
tron  bunch  and  the  Cherenkov  radiation  were  used 
as  an  irradiation  source  and  a  probe  light,  respec¬ 
tively.  Cherenkov  radiation  was  available  as  a 
pulsed  light  source  in  the  visible  region.  Pulse 
radiolysis  is  one  of  the  most  powerful  methods  to 
investigate  radiation-induced  reactions.  Using  the 
pulse  radiolysis  method,  ultrafast  phenomena 
such  as  excitation,  ionization,  relaxation,  solvation, 
geminate  ion  recombination  and  so  on  have  been 
studied  in  the  radiation  chemistry,  physics,  biology 
and  applied  fields  such  as  material  science  [4-8]. 
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A  new  time-resolved  absorption  spectroscopy 
system  using  a  femtosecond  laser  as  an  analyzing 
light  instead  of  the  Cherenkov  radiation  was  de¬ 
veloped  at  the  Institute  of  Scientific  and  Industrial 
Research  (ISIR),  Osaka  University  [9-12].  The 
synchronization  of  a  femtosecond  laser  with 
a  picosecond  linac  enabled  the  measurement  of 
ultrafast  phenomena  induced  by  radiation  with 
a  wide  wavelength  range  from  250  nm  to  1.5  pm. 
The  investigation  of  ultrafast  phenomena  in  the 
picosecond  time  region  has  been  started  on  several 
subjects  such  as  organic  compounds,  cr-conjugated 
polymers  and  lithographic  materials  [13].  Now, 
to  obtain  more  information  such  as  vibrational 
and  rotational  relaxation  of  molecules,  a  new 
pulsed  light  source  in  the  far-infrared  region  is 
required. 

In  this  paper,  using  an  ultrashort  electron  bunch 
generated  by  a  magnetic  bunch  compression 
method,  the  far-infrared  coherent  transition  radi¬ 
ation  emitted  from  the  subpicosecond  electron 
bunch  was  investigated. 

2.  Experimental  setup 

The  ISIR  L-band  linac  consists  of  a  thermionic 
electron  gun,  two  108  MHz  (y^  of  the  main  acceler¬ 
ating  microwave  frequency  of  1300  MHz)  subhar¬ 
monic  bunchers  (SHB),  a  216  MHz  of  the  main 
accelerating  frequency)  SHB,  a  1300  MHz  travel¬ 
ling  wave-type  prebuncher,  a  1300  MHz  travelling 
wave-type  buncher,  a  1300  MHz  travelling  wave- 
type  accelerating  tube  and  a  focusing  system  [14]. 
The  accelerating  potential  of  the  electron  gun  is 
provided  by  95  kV  DC. 

A  bunch  compressor  was  installed  at  the  ISIR 
L-band  linac  as  shown  in  Fig.  1.  The  achromatic 
bunch  compressor  consists  of  two  45°  sector  mag¬ 
nets,  four  quadrupole  magnets  and  a  vertical  beam 
slit.  The  energy  of  an  electron  bunch  is  modulated 
for  the  bunch  compression  by  adjusting  the  RF 
phase  in  the  accelerating  tube.  By  translating  the 
energy  dispersion  into  the  difference  of  trajectory 
lengths  in  the  magnetic  field  of  the  bunch  compres¬ 
sor,  the  electron  bunch  is  compressed.  The  length  of 
the  compressed  bunch  was  evaluated  by  measuring 
the  Cherenkov  radiation  emitted  by  the  com¬ 


pressed  bunch  in  air  at  the  end  of  the  beam  line. 
The  Cherenkov  radiation  was  measured  by 
using  a  picosecond  streak  camera  (Hamamatsu 
Photonics  Co.  Ltd.)  which  has  a  time  resolution  of 
2  ps.  An  optical  band  pass  filter,  which  is  centered 
at  461.5  nm  and  has  a  half- width  of  10.7  nm, 
was  used  to  avoid  pulse  broadening  due  to  optical 
dispersion  in  the  convex  lenses  used  in  the  measure¬ 
ment. 

Fig.  2  shows  the  experimental  setup  for  measur¬ 
ing  the  transition  radiation  emitted  from  the  com¬ 
pressed  single  bunches.  The  transition  radiation 
was  generated  with  an  Al  foil  at  the  end  of  the 
beam  line.  Spherical  and  plane  mirrors  were  used 
for  focusing  and  reflecting  the  light,  respectively. 
The  intensity  of  light  was  measured  with  a  liquid- 
He  cooled  silicon  bolometer.  The  spectrum  of  light 
was  measured  with  a  grating  monochromator  at 
wavelengths  of  100-700  pm.  The  absolute  sensitiv¬ 
ity  of  the  detection  system  including  the  mono¬ 
chromator  was  calibrated  with  a  high  pressure  Hg 
lamp  of  250  W  which  was  supposed  to  be  a  black- 
body  radiation  source  of  5000  K. 

3.  Results  and  discussions 

The  RF  phase  in  the  accelerating  tube  was  tuned 
so  as  to  accelerate  electrons  in  the  early  phase  of  the 
bunch  more  than  those  in  the  later  phase  of  the 
bunch.  The  peak  electric  field  in  the  accelerating 
tube  was  adjusted  to  10  MV/m.  The  phase  of  the 
accelerating  electric  field  was  70°.  The  peak  energy 
of  the  accelerated  bunch  was  26.5  MeV.  The  energy 
spread  after  the  modulation  was  9.4%  (FWHM). 
The  magnetic  fields  of  the  bunch  compressor  were 
adjusted  so  as  to  make  the  shortest  bunch.  The 
compressed  bunch  length  could  not  be  evaluated 
by  using  the  streak  camera  because  its  length 
was  shorter  than  the  time  resolution  of  the  streak 
camera.  The  horizontal  and  vertical  beam  sizes 
(full  width)  of  the  compressed  bunch  were  1.0 
and  1.0  mm,  respectively.  The  charge  was  1.27 
nC/bunch. 

Fig.  3  shows  the  spectrum  of  the  transition  radi¬ 
ation  emitted  from  the  compressed  single  bunch. 
The  spectral  energy  of  the  transition  radiation 
emitted  from  an  electron  per  unit  frequency  interval 
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Fig.  1.  Magnetic  bunch  compressor. 
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Fig.  2.  Measurement  system  of  transition  radiation. 


can  be  expressed  [3]  as 

s-’-sHV1)  (1) 

where  co  is  the  angular  frequency  of  the  radiation, 
e  an  elementary  electric  charge,  c  the  speed  of  light, 
v  the  electron  velocity,  and  p  —  v/c.  The  broken  line 
in  Fig.  3  shows  the  calculated  spectrum  of  the 
incoherent  transition  radiation. 

When  the  wavelength  of  radiation  emitted  from 
an  electron  bunch  is  longer  than  the  length  of  the 
electron  bunch,  the  radiation  becomes  coherent. 
When  the  cross  section  of  the  bunch  is  small  and 
the  observation  point  is  far  from  the  emitting  point, 
the  intensity  of  coherent  radiation  [Pcoh(^)]  is 


1  10  100  1000 
Wavelength  (pm) 


Fig.  3.  Spectrum  of  the  transition  radiation.  The  solid  points 
represent  the  experimental  data,  the  solid  line  shows  the  spectral 
intensity  expected  for  a  Gaussian  distribution,  and  the  dashed 
line  shows  the  calculated  spectral  intensity  of  the  incoherent 
transition  radiation. 


expressed  [15]  as 

Pcoh(A)  =  Pi„cohP)[l  +  (N  -  1 )/(;.)]  (2) 

where  X  is  the  wavelength,  N  the  number  of  elec¬ 
trons  in  a  bunch,  PinCohW  the  intensity  of  the 
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incoherent  radiation  emitted  from  N  electrons,  and 
f(X)  the  bunch  form  factor.  Assuming  that  the 
bunch  shape  is  a  Gaussian  distribution,  the  bunch 
form  factor  is  expressed  [15]  as 

/  (A)  =  exp(  —  a2/2),  a  =  Ina/X  (3) 

where  a  is  the  longitudinal  bunch  length.  The  solid 
line  in  Fig.  3  shows  the  spectrum  of  the  coherent 
transition  radiation  calculated  by  the  factor  of 
g  =  15.9  pm  (53  fs).  The  bunch  length  was  chosen 
to  fit  the  peak  wavelength  of  the  calculated  spec¬ 
trum  to  100  pm.  The  bunch  length  is  thought 
to  be  shorter  than  15.9  pm  because  the  peak 
could  not  be  observed  with  the  present  detection 
system.  The  experimental  data  are  in  agreement 
with  the  calculated  intensities.  The  observed  inten¬ 
sities  at  wavelengths  from  100  to  700  pm  are 
7.9  x  109  (number  of  electrons  in  a  bunch)  times 
higher  than  those  of  the  incoherent  transition 
radiation. 

The  observed  intensity  of  the  coherent  transition 
radiation  is  high  enough  for  the  probe  light  in  pulse 
radiolysis.  We  are  planning  new  pulse  radiolysis  for 
far-infrared  absorption  spectroscopy  to  investigate 
the  phenomena  of  rotational  relaxation  of  molecu¬ 
les.  The  available  pulsed  light  sources  at  ISIR  are 
shown  in  Fig.  4.  The  free  electron  laser  is  also  one  of 
the  promising  light  sources  for  the  pulse  radiolysis. 
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Fig.  4.  Wavelengths  of  available  pulsed  light  sources  for  pulse 
radiolysis  at  ISIR.  co,  2co,  3 co  and  OPO  mean  fundamental, 
second  harmonic,  third  harmonic  and  optical  parametric  oscilla¬ 
tion,  respectively,  (see  also  Ref.  [16]). 


New  studies  on  the  relaxation  dynamics  of  three 
important  excited  states  (electronic,  vibrational  and 
rotational  excited  states)  in  the  primary  processes 
of  radiation  chemistry  will  be  started  by  using  the 
various  light  sources  which  cover  the  wide 
wavelength  region  from  250  nm  (UV)  to  700  pm 
(far-infrared). 


4.  Conclusion 

Using  the  magnetic  bunch  compression  method, 
a  subpicosecond  electron  single  bunch  with 
a  bunch  length  of  roughly  50  fs  (rms)  and  a  charge 
of  1.27  nC  was  generated.  The  bunch  length  was 
evaluated  from  the  analysis  of  the  spectra  of  the 
transition  radiation.  The  observed  intensity  of  the 
coherent  transition  radiation  at  wavelengths  from 
100  to  700  pm  was  7.9  x  109  times  higher  than  that 
of  the  incoherent  transition  radiation.  The  coherent 
transition  radiation  is  a  new  promising  pulsed  light 
source  for  the  stroboscopic  pulse  radiolysis 
method. 
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Abstract 

One  possible  extension  of  the  FEL  activity  at  DESY  is  connected  with  the  installation  of  an  additional  FEL  beamline 
providing  tunable  UV  radiation  with  peak  and  average  power  of  220  GW  and  7  kW,  respectively.  This  report  presents 
the  feasibility  study  of  a  high-intensity,  polarized,  monochromatic  gamma  source  at  the  TESLA  Test  Facility.  Gamma 
quanta  are  produced  in  the  process  of  Compton  backscattering  of  the  UV  FEL  radiation  on  1  GeV  electrons  of  the  TTF 
accelerator.  The  ultimate  intensity  of  the  gamma  source  can  reach  a  value  up  to  1012  gamma  quanta  per  second  with 
a  maximum  energy  of  about  100  MeV.  The  energy  resolution  of  the  gamma  source  can  be  reduced  down  to  a  value  of 
about  0.2%.  Potential  applications  of  the  intense  gamma  source  at  the  TESLA  Test  Facility  are  discussed  as 
well.  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  41.60.Cr;  41.75.Ht;  25.20.Dc 

Keywords:  Free  electron  laser;  Compton  backscattering;  Gamma  source 


1.  Introduction 

Compton  backscattering  of  laser  light  on  high- 
energy  electrons  is  now  considered  as  the  most 
promising  way  to  obtain  high-intensity  monochro¬ 
matic  gamma  rays  [1].  Recently  several  investiga¬ 
tions  have  been  performed  showing  the  possibility 
of  constructing  gamma  sources  with  the  energy  of 
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gamma  quanta  of  the  order  of  tens  to  hundreds  of 
MeV  with  the  ultimate  intensity  10lo-1014  s"1 
[2,3].  These  proposals  suggest  using  the  scattering 
of  free-electron  laser  (FEL)  radiation  on  the  elec¬ 
tron  bunches  in  a  storage  ring. 

In  this  paper  we  point  to  the  possibility  of  con¬ 
structing  a  high-intensity  gamma  source  at  a  high- 
power  linear  accelerator.  A  1  GeV  superconducting 
linear  accelerator  under  construction  at  the  TESLA 
Test  Facility  (TTF)  at  DESY  will  produce  an  elec¬ 
tron  beam  with  high  average  and  peak  power,  and 
low  energy  spread  and  emittance.  The  main  practi¬ 
cal  application  of  this  accelerator  is  driving  a  soft 
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X-ray  FEL  [4].  The  construction  of  a  high-power 
UV  FEL  at  the  TTF  has  also  been  proposed  [5]. 
The  radiation  from  a  low-power  master  oscillator 
will  be  amplified  in  the  FEL  amplifier  with 
a  tapered  undulator  providing  peak  and  average 
output  power  up  to  220  GW  and  7  kW,  respective¬ 
ly.  The  Compton  backscattering  of  this  radia¬ 
tion  on  the  TTF  electron  beam  allows  one  to  reach 
a  gamma-quanta  intensity  of  up  to  1012  s"1 
with  the  maximum  energy  of  about  100  MeV. 
This  unique  gamma-ray  source  could  be  used  for 
investigations  in  nuclear  physics  as  well  as  for 
testing  the  technical  solutions  of  positron  sources 
and  gamma-gamma  options  of  future  linear 
colliders. 


2.  High-intensity  gamma  source 


Table  1 

Parameters  of  the  gamma  source  at  the  TESLA  Test  Facility 


General  parameters 

Maximal  energy  of  gamma  quanta  85  MeV 

Yield  of  gamma  quanta  1012  s-1 

Energy  resolution  1% 

Angular  divergence  0.5  mrad 

Repetition  rate  10  pps 

Macropulse  duration  800  ps 

Number  of  pulses  per  macropulse  7200 

Micropulse  repetition  rate  9  MHz 

Micropulse  duration  (FWHM)  300  fs 

Parameters  of  the  electron  beam 
Energy  1  GeV 

Charge  per  bunch  1  nC 

Energy  spread  (RMS)  1  MeV 

Normalized  emittance  (RMS)  2  mm  mrad 

Beam  size  at  the  conversion  point  14  pm 

Bunch  length  (RMS)  50  pm 


A  powerful  UV  FEL  at  the  TTF  [5]  can  be  used 
for  construction  of  a  high-intensity,  polarized, 
monochromatic  gamma  source.  The  scheme  of  the 
gamma  source  is  presented  in  Fig.  L  Gamma 
quanta  are  produced  in  the  process  of  Compton 
backscattering  of  laser  photons  on  incoming 
electrons.  The  FEL  interaction  induces  an  energy 
spread  in  the  electron  bunch.  If  the  laser  radiation 
is  scattered  from  the  bunches  involved  in  the 
FEL  process,  this  will  result  in  a  decrease  of 
the  energy  resolution  of  the  gamma  source.  To 
avoid  this  harmful  effect,  the  master  laser  should 
operate  at  half  the  repetition  rate  of  the  electron 
bunches.  The  laser  radiation  amplified  by  an  elec¬ 
tron  bunch  is  focused  on  the  next,  unperturbed 
electron  bunch. 

The  maximum  gamma-quanta  energy  is  defined 
by  the  frequency  of  the  primary  photons  co  and  the 
energy  of  the  electron  S:  (hcoy)m ax  =  +  x)- 

Here  x  =  4yhco/mtc2,  me  is  the  electron  mass  and 
y  -  s) mec 2  is  the  relativistic  factor.  The  maximum 
energy  of  the  gamma  quanta  is  about  86  MeV  at 
a  primary  photon  wavelength  of  200  nm  and  an 
electron  energy  of  1  GeV.  In  principle,  the  energy  of 
the  TTF  accelerator  can  be  upgraded  to  a  value  of 
2  GeV.  In  this  case  the  maximum  available  gamma 
energy  will  be  about  320  MeV.  The  general  para¬ 
meters  of  the  gamma  source  at  the  TTF  are  pre¬ 
sented  in  Table  1. 


Parameters  of  the  FEL 

Wavelength 

208  nm 

Micropulse  duration 

230  fs 

Energy  in  the  radiation  pulse 

50  mJ 

Peak  output  power 

220  GW 

Average  power 

3.6  kW 

Parameters  of  the  focusing  system 

Focuse  distance  of  the  mirror 

3  m 

Radiation  spot  size  on  the  mirror 

2.5  cm 

Incident  radiation  flux  on  the  mirror 

350  W/cm: 

Reflectivity  of  the  mirror 

Radiation  spot  size  at  the 

99% 

conversion  point 

8  pm 

Rayleigh  length 

1  mm 

Conversion  efficiency 

0.23% 

The  frequencies  of  the  incident  and  scattered 
photons,  co  and  coy ,  are  connected  by  the  relation 


h(oy 


<?X 

1  +  x  +  y202 


(1) 


where  6  is  the  scattering  angle.  It  is  seen  from 
Eq.  (1)  that  there  is  a  strict  correlation  between  the 
energy  of  the  backscattered  photon  and  the  scatter¬ 
ing  angle.  This  allows  one  to  use  angular  collima- 
tion  to  select  the  gamma  quanta  with  the  required 
energy.  In  the  case  of  monoenergetic  and  laminar 
electron  beam  this  technique  allows  one,  in  prin¬ 
ciple,  to  achieve  any  required  energy  resolution  of 
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gamma  quanta.  In  practice  an  electron  beam  has 
a  finite  energy  spread  which  imposes  a  lower  limit 
on  energy  resolution  of  the  gamma  source.  The 
influence  of  the  angular  spread  in  the  electron  beam 
on  the  energy  resolution  of  the  gamma  source  can 
be  eliminated  by  an  appropriate  choice  of  the  beta 
function  at  the  conversion  point.  The  value  of  the 
rms  angle  spread  in  the  electron  beam  is  ae  = 
where  e  is  the  emittance  of  the  electron  beam  and 
/?  is  the  beta  function  at  the  conversion  point. 
Minimal  energy  resolution  of  the  gamma  source 
due  to  the  angle  spread  is  given  by  the  expression 

(Ah(Oy)/hcoy  ~  (y<70)2/2.  (2) 

It  should  also  be  noted  that  there  is  strict  correla¬ 
tion  between  the  energy  of  the  gamma  quantum 
and  its  polarization,  so  the  angular  selection  pro¬ 
vides  not  only  monochromatization,  but  also  deter¬ 
mines  the  polarization  of  gamma  quanta. 

To  obtain  a  higher  yield  of  gamma  quanta  one 
should  provide  maximum  spatial  density  of  the 
primary  photons  and  of  the  electron  beam  in  the 
conversion  region.  We  assume  the  laser  beam  to  be 
close  to  Gaussian.  The  power  flux  density  at  the 
waist  of  a  Gaussian  laser  beam  is  given  by  the 
expression  d P(r)/dS  oc  exp(  —  2 r2/w2),  where  w  is 
the  size  of  the  Gaussian  beam  waist.  The  Rayleigh 
length  of  the  laser  beam,  ZR  =  nw2/X,  and  the  beta 
function  of  the  electron  beam  focusing  system,  /?, 
are  assumed  to  be  large  with  respect  to  the  length  of 
the  laser  and  the  electron  pulse.  Thus,  we  can  ne¬ 
glect  the  variation  of  the  transverse  size  of  the 
photon  and  electron  pulses  during  the  collision.  As 
a  result,  the  yield  of  gamma  quanta  is  [5] 


dNy  __  Ac c 

d  t  J  e  2nhco(ep  +  w2/ 4) 


(3) 


where  A  is  the  energy  in  the  radiation  pulse,  /is  the 
repetition  rate  of  collisions,  iVe  is  the  number  of 
electrons  per  bunch,  <5  is  the  conversion  efficiency 
(number  of  gamma  quanta  produced  by  one  elec¬ 
tron)  and 


=  2  nr: 


X 
8  +  4* 


ln(l  +  x) 


ln(l  +  X)  +  “2  + 


2  +  X 

2(1  +  x): 


(4) 


electron  bunches  with  small 
energy  spread  used  for  conversion 


/  ,/ 


UV  radiation  pulses  electron  bunches 

f  =  9  MHz  1  =  18  MHz 


Fig.  1.  Scheme  of  the  gamma  source  at  the  TESLA  Test  Facility. 


is  the  total  Compton  cross  section  on  unpolarized 
electrons,  where  re  =  e2/mec2  is  the  classical  radius 
of  the  electron. 

The  ultimate  energy  resolution  of  the  gamma 
source  presented  in  Fig.  1  is  limited  by  the  energy 
spread  in  the  electron  beam  induced  by  the  SASE 
FEL  process.  Even  in  the  case  when  there  is  no  seed 
signal  at  the  entrance  of  the  FEL  amplifier,  the 
process  of  the  amplification  of  the  radiation  is  trig¬ 
gered  by  the  shot  noise  in  the  electron  beam.  Simu¬ 
lation  of  this  process  shows  that  the  induced  energy 
spread  due  to  the  SASE  FEL  process  is  about 
5  MeV  at  the  exit  of  the  undulator  [5]  which 
imposes  a  limit  on  ultimate  energy  resolution  of  the 
gamma  source  of  1%.  Taking  into  account  the 
angular  spread  in  the  electron  beam,  the  beta  func¬ 
tion  of  the  electron  beam  at  the  conversion  point 
should  be  about  20  cm  in  order  to  provide  this 
energy  resolution. 

The  radiation  spot  size  at  the  conversion  point 
has  been  set  to  pm  (which  corresponds  to 

a  Rayleigh  length  of  1  mm).  In  this  case  there  are  no 
fluctuations  of  the  gamma-source  intensity  due  to 
the  time  jitter  of  the  electron  pulse  of  about  1  ps. 
According  to  Eq.  (3),  at  chosen  parameters  of  the 
colliding  photon  and  electron  bunches  conversion 
efficiency  is  about  S  ~  0.23%.  At  a  pulse  repetition 
rate  of  the  accelerator  equal  to  18  MHz  the  yield  of 
gamma  quanta  is  about  1012  s-1. 

There  exists  another  option  for  organization  of 
the  conversion  region  prior  to  the  entrance  of  the 
electron  beam  into  the  undulator.  It  provides  the 
possibility  to  double  the  yield  of  gamma  quanta, 
because  each  electron  bunch  can  be  used  for  produ¬ 
cing  gamma  quanta.  Due  to  a  small  value  of  the 
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conversion  efficiency  this  will  not  destroy  the  elec¬ 
tron  beam  and  it  can  be  used  for  the  amplification 
of  the  radiation  in  the  undulator.  Besides,  an 
ultimate  energy  resolution  of  the  gamma  source  of 
about  0.2%  can  be  achieved.  This  limit  is  defined 
by  the  energy  spread  in  the  electron  beam  of 
1  MeV.  The  value  of  the  beta  function  at  the  con¬ 
version  point  should  be  increased  up  to  1  m.  The 
yield  of  the  gamma  source  with  ultimate  energy 
resolution  of  0.2%  will  be  about  of  2  x  1011  s_1. 


3.  Possible  applications  for  nuclear  physics 

The  gamma  source  at  the  TTF  is  a  unique  one 
providing  an  extremely  high  flux  of  polarized, 
monochromatic  gamma  quanta.  The  proposed 
gamma  facility  is  an  extremely  selective  probe  for 
investigations  of  not  only  conventional  nuclear 
physics,  but  of  exotic  nuclear  states  (similar  to  those 
which  occur  inside  the  core  of  neutron  stars  or  the 
quark-gluon  plasma)  and  reaction  mechanisms.  Up 
to  200  MeV  we  are  dealing  with  the  internucleon 
distance  7  about  1  fm  (which  is  of  the  order  of  the 
size  of  nucleon).  Nowadays  the  investigation  of 
microscopic  nuclear  structure  with  resolution 
<;200  MeV  is  an  unexplored  field  [6].  The  idea  is 
to  work  in  the  kinematical  region  where  the  pro¬ 
cesses  on  free  nucleons  are  forbidden  (the  cumulat¬ 
ive  particle  production  or  the  underthreshold 
particle  production).  This  intermediate  energy  re¬ 
gion  is  covered  by  nonperturbative  QCD  effects. 
Investigations  of  this  transition  energy  region,  from 
the  perturbative  to  nonperturbative  QCD,  are  the 
most  attractive  direction  for  relativistic  nuclear 
physics  to  understand  the  role  of  the  nonnucleonic 
(pion,  A,  etc.,  and  few-nucleon  configurations)  and 
quark-gluon  degrees  of  freedom. 

Another  interesting  topic  of  these  investigations 
is  a  possibility  to  extract  additional  information 
about  the  hadron  or  the  nuclear  structure  which  is 
usually  hidden  in  the  spin-averaged  analysis  [7]. 
Polarization  observables  have  a  promise  of  open¬ 
ing  a  new  field  in  the  photoproduction  of  pions 
from  nucleons  and  nuclear  targets  [8,9],  in  the 
processes  of  photodisintegration  of  the  lightest 
nuclei  [10,11]  and  others.  Many  problems  in 
photonucleon  and  photonulear  physics  are  not  re¬ 


solved  till  now  due  to  the  lack  of  high-quality 
photon  beams. 

4.  Test  facility  for  the  positron  source 

The  projects  of  the  next  generation  linear  col¬ 
liders  plan  to  produce  positrons  by  gamma  quanta 
in  a  thin  target  [12,13].  Gamma  quanta  are  pro¬ 
duced  by  the  spent  electron  beam  in  a  long 
wiggler  or  undulator.  For  instance,  in  the  TESLA 
project  the  250  GeV  electron  beam  passes  a  wiggler 
of  35  m  length  producing  a  powerful  gamma  beam 
[12].  The  mean  energy  of  gamma  quanta  is 
about  25  MeV.  Positrons  produced  in  a  thin  target 
have  large  energy  and  angle  spread.  After  the  target 
they  should  be  captured  and  accelerated.  Such 
a  complicated  system  requires  experimental  verifi¬ 
cation  prior  to  construction  of  the  full-scale  facility. 
The  test  facility  can  be  constructed  on  the  base  of 
the  high-intensity  gamma  source  described  above. 
The  energy  spectrum  of  the  gamma  source  is  sim¬ 
ilar  to  that  used  in  a  full  scale  facility.  The  intensity 
of  the  gamma  source  described  above  has  been 
limited  by  the  requirement  of  the  energy  resolution. 
For  the  positron  source  test  facility  the  value  of  the 
beta  function  at  the  conversion  point  can  be  re¬ 
duced  down  to  a  value  of  about  1  cm  (the  angle 
divergence  in  the  beam  is  about  1/y  in  this  case). 
As  a  result,  the  yield  of  gamma  quanta  reaches  the 
value  of  1013  s-1.  Remembering  that  the  conver¬ 
sion  efficiency  of  gamma  quanta  into  electron- 
positron  pairs  is  about  0.5  at  a  target  thickness  of 
about  one  radiation  length,  we  estimate  the  yield 
of  the  positrons  to  be  about  5  x  1012  s-1. 
Such  a  positron  yield  is  sufficient  for  operation  of 
the  test  facility.  Taking  into  account  that  the  TTF 
accelerator  has  the  same  time  structure  as  the 
TESLA  accelerator,  this  facility  will  allow  experi¬ 
mental  verification  of  all  the  systems  of  the  positron 
source  (optimization  of  the  target,  capture  efficien¬ 
cy,  etc.). 

The  test  facility  for  the  positron  source 
could  reveal  a  unique  opportunity  for  experi¬ 
mental  investigation  of  the  polarized  positron 
source  proposed  in  Ref.  [14].  In  this  case,  the 
FEL  amplifier  should  be  equipped  with  a  helical 
undulator. 
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5.  Test  facility  for  the  gamma-gamma  collider 

An  option  of  a  gamma-gamma  collider  is  in¬ 
cluded  in  several  projects  of  future  generation 
linear  colliders  [12,13].  The  scheme  for  realization 
of  gamma-gamma  collisions  can  be  explained  as 
follows.  Two  electron  bunches  are  focused  into  the 
interaction  point.  Prior  to  the  collision  each  elec¬ 
tron  bunch  is  irradiated  by  a  powerful  laser  pulse. 
High-energy  gamma  quanta  are  produced  in  the 
process  of  Compton  backscattering  and,  following 
the  electron  trajectories,  collide  at  the  interaction 
region.  The  time  structure  of  the  laser  pulses  should 
be  identical  to  the  time  structure  of  the  electron 
bunches.  This  means  that  the  laser  should  have 
a  capability  of  precise  synchronization  with  the 
electron  bunches  and  should  provide  a  high  repeti¬ 
tion  rate.  The  last  parameter  is  extremely  severe  for 
the  TESLA  collider  requiring  a  sub-terawatt  level 
peak  power  laser  with  a  repetition  rate  of  about 
1  MHz.  In  this  case  there  is  no  reliable  technical 
solution  for  a  conventional  laser  system  with  the 
required  parameters,  and  an  FEL  system  is  con¬ 
sidered  now  as  a  candidate  for  the  laser  [12,15]. 
The  parameters  of  the  high-power  UV  FEL  at  the 
TTF  and  of  the  optical  system  of  the  gamma  source 
are  very  close  to  those  used  in  the  project  of  the 
gamma-gamma  collider.  Indeed,  the  peak  and 
average  laser  power  of  220  GW  and  7  kW,  respec¬ 
tively,  are  close  to  those  required  for  the  gamma 
collider.  The  time  structure  of  the  laser  pulses  is 
similar  to  the  time  structure  of  the  TESLA  collider. 
The  problems  connected  with  alignment  of  the  mir¬ 
rors,  possible  radiation  damage  of  the  mirrors,  time 
jitter  and  the  problems  of  focusing  the  laser  beam 
to  a  tiny  spot  are  similar  to  those  to  be  met  at 
a  full-scale  facility.  So  the  successful  realization  of 
this  project  will  serve  as  an  experimental  verifica¬ 
tion  of  the  technical  feasibility  of  the  gamma- 
gamma  option  at  TESLA. 
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Abstract 

The  geometry  of  the  adsorption  of  pyridine  on  gold  single-crystal  electrode  has  been  investigated  by  in  situ  difference 
frequency  generation  (DFG)  in  aromatic  ring  spectral  range,  by  using  the  CLIO  free  electron  laser.  We  found  that 
pyridine  adsorbs  in  an  end-on  configuration,  via  the  nitrogen  lone  pair,  the  molecular  plane  being  tilted.  The  potential 
dependence  of  the  vibrational  modes  showed  evidences  of  a  reorientation  of  the  molecule  around  the  potential  of  zero 
charge.  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 


1.  Introduction 

Pyridine  has  been  extensively  used  as  a  model 
compound  for  the  study  of  bonding  and  coordina¬ 
tion  with  metal  surfaces.  This  molecule  contains 
a  delocalized  Tt-electron  system  and  a  lone  pair 
located  on  the  N  atom,  both  of  which  participate  in 
bonding.  As  early  as  1971,  Chao  et  al.  inferred  from 
ellipsometric  measurements  a  change  of  the  py¬ 
ridine  bonding  on  a  polycrystalline  gold  electrode, 
from  a  flat  lying  orientation  at  negative  potential 
to  a  vertical  orientation  at  positive  potential  [1]. 
The  potential  dependence  of  the  adsorption  ge¬ 
ometry  of  pyridine  on  Au (hkl)  electrodes  has  been 
studied  by  Stolberg  et  al.  [2-4].  They  found  that 
the  molecules  adsorb  in  a  flat  orientation  at  nega¬ 
tively  charged  surfaces,  and  in  an  N-bonded  verti¬ 
cal  orientation  at  positively  charged  surfaces. 
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Therefore,  pyridine  undergoes  a  phase  transition  at 
the  potential  of  zero  charge  (pzc).  Pettinger  et  al. 
have  also  investigated  this  transition,  using  second 
harmonic  generation  [5,6].  Brolo  et  al.  have  been 
able  to  record  SERS  spectra  of  pyridine  adsorbed 
on  a  Au(210)  single-crystal  electrode  [7].  However, 
the  signal  from  the  bulk  molecules  can  hide  that  of 
the  adsorbed  molecules  and  careful  data  treatment 
is  needed  to  extract  the  interfacial  spectrum  from 
the  overall  signal.  On  the  other  hand,  non-linear 
second-order  processes  such  as  sum  (SFG)  and 
difference  (DFG)  frequency  generation  are  in¬ 
herently  interface  sensitive  between  centrosymmet- 
ric  media  where  bulk  generation  is  forbidden  in  the 
electric  dipole  approximation  [8].  Direct  measure¬ 
ment  of  vibrational  spectra  of  adsorbed  species  is 
thus  possible,  without  using  the  modulation  or 
difference  methods  required  in  infrared  spectro¬ 
scopy.  We  present  the  first  investigation  of  the 
pyridine-gold  electrochemical  interface  by  DFG 
using  the  CLIO-FEL  laser  in  the  aromatic  ring 
spectral  range,  around  10  pm. 
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2.  Experimental 

The  optical  set-up  used  in  this  experiment  has 
been  described  elsewhere  [9].  An  actively 
modelocked  frequency-doubled  YAG  laser  is  syn¬ 
chronised  with  the  IR  CLIO  FEL.  The  temporal 
profiles  of  both  lasers  consist  of  micropulses  at 
a  repetition  rate  of  62  MHz  emitted  in  10  ps 
bunches  at  25  Hz.  The  micropulse  duration  is  70  ps 
for  the  YAG  and  1  ps  for  CLIO.  The  spectral  width 
of  the  IR  pulses  is  10  cm-  \  The  green  (30  mW)  and 
the  IR  (150  mW)  beams  were  focussed  on  the 
sample  at  incidence  angles  of  55°  and  65°,  respec¬ 
tively.  This  geometry  allows  generation  of  a  DFG 
signal,  which,  unlike  SFG,  is  not  possible  in  any 
configuration,  due  to  phase  matching  conditions 
[10].  The  DFG  signal  is  detected  by  a  photomul¬ 
tiplier  after  spatial  and  spectral  filtering  and  nor¬ 
malised  to  a  SFG  reference  generated  in  the  bulk  of 
a  ZnS  crystal.  Measurements  were  performed  in 
a  spectroelectrochemical  cell  equipped  with  a  60° 
BaF2  prismatic  window  to  prevent  strong  refrac¬ 
tion  of  the  laser  beams.  The  working  electrode  was 
a  Au(lll)  single-crystal  disc  polished  and  annealed 
following  the  standard  electrochemical  procedure. 
The  counter  electrode  was  a  large  area  platinum 
wire  and  the  reference  potential  was  a  standard 
calomel  electrode  (SCE)  from  which  all  potentials 
are  referred.  All  solutions  were  prepared  from 
ultra-pure  water  and  reagents.  During  the  experi¬ 
ment,  the  solution  was  continuously  purged  by  an 
argon  stream.  The  electrode  was  lightly  pressed 
against  the  cell  window  to  minimize  absorption  of 
the  IR  light  by  the  electrolyte  solution.  DFG 
spectra  were  recorded  at  a  fixed  potential  between 
—  0.9  and  +  0.7  V. 


3.  Results  and  discussion 

Fig.  1  shows  the  DFG  spectrum  recorded  for 
Au(lll)  in  contact  with  a  solution  of 
0.1  M  NaC104  +  0.002  M  pyridine,  at  a  potential  of 
+  0.3  V,  between  900  and  1150  cm-1.  The  experi¬ 
mental  data  were  best  fitted  with  five  resonances  at 
981,  1008,  1028,  1050,  and  1092  cm-1  [11]. 

The  pyridine  molecule  belongs  to  the  C2v  point 
group  with  two  orthogonal  mirror  planes  contain- 


Fig.  1.  DFG  spectrum  of  Au(lll)  electrode  in  contact  with 
(0.1  M  NaC104  +  0.002  M  pyridine)  at  E  =  +  0.3  V/SCE.  Also 
shown  are  the  six  bands  obtained  after  deconvolution  of  the 
DFG  spectrum. 

ing  the  C2  axis.  The  27  fundamental  modes  of 
vibration  of  liquid  pyridine  taken  from  and  labelled 
following  Corrsin  et  al.  [12]  consist  of  10  A1?  3  A2, 
9  Bl5  and  5  B2  modes.  In  the  gas  phase,  the  Ax,  B1? 
and  B2  modes  are  both  Raman  an  IR  active,  the 
A2  modes  being  only  Raman  active.  The  and 
B1  modes  account  for  the  in-plane  vibrations, 
whereas  the  A2  and  B2  modes  represent  the  out-of- 
plane  vibrations.  The  frequencies  of  the  bands  ob¬ 
served  for  adsorbed  molecules  are  likely  to  be  dif¬ 
ferent  from  those  of  the  free  molecules,  due  to  their 
electronic  interactions  with  the  metal. 

The  bands  at  1008  and  1028  cm-1  are  in  good 
agreement  with  those  obtained  by  Brolo  et  al.  on 
Au(210)  [7].  They  are  assigned  to  the  symmetric 
ring  breathing  mode  1  and  the  asymmetric  ring 
breathing  mode  12,  respectively.  The  bands  at  1050 
and  1092  cm" 1  are  assigned  to  the  modes  18a  and 
18b,  respectively.  These  two  modes  have  the  same 
frequency  of  1068  cm"1  in  liquid  pyridine.  The 
band  at  981  cm"1  can  be  assigned  to  the  A2  mode 
17a  which  is  IR  inactive  in  the  gas  phase.  However, 
it  has  a  weak  IR  activity  in  the  liquid  phase  [12,13] 
which  explains  the  observed  DFG  spectrum. 
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The  symmetry  of  the  modes  observed  in  the 
vibrational  spectra  can  give  information  on  the 
adsorption  geometry  of  the  molecule.  For  a  given 
geometry,  a  mode  will  be  observed  if  it  gives  rise  to 
an  IR  dynamic  dipole  normal  to  the  surface.  The 
atomic  displacements  have  been  given  for  each 
mode  of  vibration  of  pyridine  by  Long  and  Thomas 
[14].  Pyridine  can  be  bound  perpendicular  to  the 
surface  via  the  N  atom,  in  a  way  retaining  both 
symmetry  planes.  In  this  case  only  Al  modes  will  be 
observed.  The  molecule  can  lie  flat  on  the  surface, 
the  mirror  plane  perpendicular  to  the  molecular 
plane  being  retained,  in  which  case  only  out-of¬ 
plane  modes  will  be  observed.  Finally,  the  molecule 
can  be  tilted,  due  to  simultaneous  N  and  71-bond¬ 
ing.  If  the  mirror  plane  perpendicular  to  the  mo¬ 
lecular  plane  is  retained,  Bi  modes  will  not  be 
observed.  If  the  molecule  is  tilted  and  rotated 
around  the  C2  axis,  all  active  modes  will  be  ob¬ 
served.  Our  spectra  show  that  the  pyridine  molecu¬ 
le  is  bound  via  the  N  atom  and  is  tilted  towards  the 
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Fig.  2.  Front  and  side  views  of  the  different  adsorption  config¬ 
urations  of  pyridine,  with  their  vibrational  dipole  active  mode. 


surface  and  rotated  around  the  C2  axis  (Fig.  2).  This 
geometry  has  been  inferred,  from  AFM  observa¬ 
tions,  to  the  orientation  of  pyridine  adsorbed  on 
heulandite  (010)  in  aqueous  solutions  [15]. 

No  significant  frequency  shift  of  the  ring  breath¬ 
ing  mode  1  was  detected  within  our  spectral  resolu¬ 
tion,  while  a  shift  of  10  cm" 1  V" 1  was  observed  for 
mode  18b.  These  results  are  in  agreement  with  the 
shifts  of  mode  1  reported  for  pyridine  adsorbed  on 
silver  (6  cm-1  V"1)  [16],  on  copper  (10  cm"1  V-1) 
and  Au(210)  (no  significant  shift)  [7].  The  weak 
potential  dependence  of  the  mode  vibrational  fre¬ 
quency  is  consistent  with  an  N-bonded  adsorption 
geometry. 

Fig.  3  shows  the  evolution  of  the  oscillator 
strength  of  the  1008  and  1092  cm"1  bands,  as 
a  function  of  the  applied  potential.  These  bands 
correspond  to  the  ring  breathing  mode  1  (AJ  and 
to  the  C-H  in-plane  bend  mode  18b  (BJ,  respec¬ 
tively.  The  oscillator  strength  of  both  the  Al  and 
the  Bj  mode  is  constant  at  negative  potential  and 
increases  at  potential  positive  of  +  0.05  V,  close  to 
the  pzc.  This  behavior  indicates  that  a  reorientation 
occurs  around  the  pzc.  Moreover,  the  activity  of 
a  B1  mode  is  possible  only  if  the  molecule  is 


oscillator  strength/a. u. 


0.5  Am 


0.0  A 


-0.5  4 


-1.0  4  ■ 


- , - - - , - - - 1 - i - 1 - r-" 

-800  -400  0  400 

Electrochemical  Potential/mV 

Fig.  3.  Potential  dependence  of  the  oscillator  strength  of  the 
vibrational  bands  at  ca.  1008  cm  - 1  (circles)  and  at  ca.  1090  cm" 1 
(squares). 
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rotated  around  the  C2  axis.  This  conclusion  is  fur¬ 
ther  supported  by  the  observed  change  of  the  sign 
of  oscillator  strength  of  mode  Bl,  indicative  of 
a  change  of  orientation  of  the  dipole  of  the  vibra¬ 
tional  mode. 


4.  Conclusion 

In  situ  vibrational  spectra  of  pyridine  adsorbed 
on  a  gold  single-crystal  electrode  have  been  mea¬ 
sured  by  DFG  as  function  of  the  electrode  poten¬ 
tial,  in  the  900-1150  cm"1  spectral  range,  using  the 
CLIO-FEL.  Pyridine  was  found  to  be  adsorbed  via 
the  nitrogen  lone  pair,  in  an  end-on  configuration, 
the  molecular  plane  being  tilted.  Our  results  give 
spectroscopic  evidence  of  the  reorientation  of 
pyridine  around  the  potential  of  zero  charge.  It 
demonstrates  the  effectiveness  of  CLIO  to  probe 
the  electrochemical  interface  in  high  IR  wave¬ 
length. 
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Abstract 

The  dependencies  of  dissociation  yield  and  isotope  selectivity  on  FEL  frequency  for  boron  trichloride  were  measured. 
The  measurements  have  been  performed  by  using  metallic  cell  (38  cm3)  filled  with  a  mixture  of  BC13  (2  Torr)  and  H2S  (10 
Torr).  The  maximum  dissociation  yield  was  obtained  at  a  laser  frequency  shifted  by  10  cm" 1  toward  the  red  side  from  the 
vibrational  resonance  of  BC13.  The  maximum  selectivity  was  ~  1.5,  which  increased  gradually  with  decreasing  the  laser 
frequency  toward  the  red  side  from  the  resonance.  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Micropulse  energy;  Isotope  separation;  FEL  frequency;  Multiphoton  dissociation 


1.  Introduction 

Dissociation  of  polyatomic  molecules  in  a  strong 
infrared  laser  occurs  through  multiphoton  absorp¬ 
tion  of  radiation  by  the  molecular  vibration  levels. 
The  dissociation  process  is  isotopically  selective 
when  the  laser  pulse  duration  is  much  shorter  than 
the  relaxation  (V-V  transfer)  time.  Isotopically  se¬ 
lective  dissociation  of  polyatomic  molecules  in 
a  strong  IR  laser  field  has  been  reported  by  many 
authors  since  the  1970s  and  knowledge  of  the  dis¬ 
sociation  process  seems  to  be  abundant.  However, 
target  molecules  have  been  limited  by  discretely 
oscillating  IR  laser  frequencies.  Free  electron  laser 
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(FEL)  light  has  continuous  tunability  in  a  wide 
frequency  region,  short  micro  pulse  duration,  and 
relatively  high-peak  (micropulse)  power.  The  FEL 
will  greatly  increase  the  range  of  molecules  suitable 
for  isotope  separation  and  improve  the  isotope 
selectivity.  We  have  demonstrated  selective  dis¬ 
sociation  experiments  with  the  FEL  for  the  first 
time.  The  present  paper  reports  the  dissociation 
yield  and  isotope  selectivity  for  boron  trichloride. 

Naturally  occurring  boron  consists  of  two  iso¬ 
topic  components  (10B:  19.0%  and  UB:  81.0%). 
Boron  compounds  are  used  as  neutron  absorbers  in 
nuclear  power  plants  and  also  in  the  medical  field 
due  to  the  relatively  large  neutron  absorption  cross 
section  of  10B.  By  the  use  of  10B  enriched  com¬ 
pounds,  the  amounts  of  boron  compound  added 
into  the  cooling  water  of  nuclear  power  reactor  and 
injected  into  the  human  blood  will  be  reduced. 
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Multiphoton  dissociation  of  BC13  and  isotope  sep¬ 
aration  of  10B  and  UB  by  using  TEA  C02  laser 
have  been  reported  by  several  authors  [1-9].  How¬ 
ever,  the  isotope  selectivity  was  less  than  2  because 
of  the  long  laser  pulse  width  compared  to  the  V-V 
transfer  relaxation  time  [10].  The  FEL  micropulse 
duration  (10  ps)  is  much  shorter  than  V-V  transfer 
relaxation  time  (t  ~  250  ns  at  2.0  Torr)  of  BC13  for 
our  experimental  condition.  The  FEL  will  be  a  use¬ 
ful  tool  for  improving  the  isotope  selectivity  of 
BC13.  BC13,  BF3,  and  BBr3  have  a  strong  v3  ab¬ 
sorption  band  in  the  10,  7,  and  12  pm  region,  re¬ 
spectively  [11,12].  The  isotope  shift  for  10B  and 
nB  in  BC13,  BF3,  and  BBr3  is  about  40  cm-1. 
These  wavelength  regions  are  covered  by  the  FEL. 
Thus  BC13,  BF3,  and  BBr3  are  good  candidates  for 
FEL  laser  isotope  separation.  For  TEA  C02  laser, 
the  wavelength  oscillates  discretely  in  the  range  of 
9-10  pm.  For  the  first  experiment  of  multiphoton 
dissociation  and  isotope  separation  experiment  us¬ 
ing  FEL,  we  selected  BC13  as  a  target  molecule.  The 
dissociation  yield  and  the  isotope  selectivity  are 
compared  for  FEL  and  C02  laser  irradiation. 

2.  Experiments 

The  multiphoton  dissociation  process  is  de¬ 
scribed  by 

BC13  +  nhv++ BC12  +  Cl  (1) 

In  order  to  prevent  inverse  reactions  by  recombi¬ 
nation,  H2S  was  added  as  a  scavenger  gas,  which 
induces  the  following  reaction  [5,13]: 

BC12  +  Cl  +  H2S  HSBC12  +  HC1  (2) 

Finally,  the  dissociated  molecules  are  collected  as 
HSBC12  in  liquid  phase. 

For  the  dissociation  experiments  of  BC13,  we 
used  the  FEL1  at  the  Free  Electron  Laser  Research 
Institute  (FELI),  Japan.  The  oscillation  character¬ 
istics  of  FEL1  are  summarized  in  Table  1.  The  FEL 
time  structure  consists  of  two  components  (macro¬ 
pulse  and  micropulse).  The  macropulse  is  com¬ 
posed  of  a  train  of  268  micropulses. 

The  mixture  of  BC13  and  H2S  was  filled  in 
a  stainless  steel  cell  with  four  windows.  Initial  pres¬ 
sures  of  BC13  and  H2S  were  2.0  and  10.0  Torr, 


Table  1 

Oscillation  characteristics  of  FELI  at  FELI 


Wavelength  tuning  range 

5.5-12.5  pm 

Micropulse 

energy 

18  pJ 

Pulse  width 

10  ps 

Repetition 

22.3  MHz 

Macropulse 

energy 

5  mJ 

Pulse  width 

12  ps 

Repetition  rate 

10  Hz 

Average  output  power 

50  mW 

Line  width  (Av/v) 

0.6% 

respectively.  FEL  irradiation  was  focused  with 
a  ZnSe  lens  (/  =  30  mm)  into  the  cell  horizontally 
through  KC1  windows.  At  the  focal  position,  the 
FEL  beam  was  nearly  circular  with  a  diameter  of 
400  pm.  The  maximum  intensity  at  the  focal  point 
was  1.5  GW/cm2.  During  the  laser  irradiation  ex¬ 
periment,  the  changes  in  concentrations  of  10BC13 
and  11BC13  were  monitored  by  measuring  the 
absorption  spectrum  by  FTIR  spectrometer 
through  the  two  KC1  windows.  The  measured  FTIR 
absorption  spectra  were  compared  to  the  initial 
absorption  spectrum  to  determine  the  fractional 
dissociation.  The  FEL  macropulse  energy  was 
monitored  at  the  entrance  and  exit  of  the  cell  with 
a  calorimeter.  For  C02  irradiation  experiments, 
the  energy  of  laser  was  varied  from  50  to  600  mJ 
with  a  polarizer. 


3.  Results  and  discussion 

Fig.  1  shows  the  decrease  in  the  concentrations  of 
10BC13  and  11BC13  at  the  laser  frequency  of 
944  cm”1.  The  concentration  N  was  normalized  by 
the  initial  concentration  N0.  The  solid  and  open 
squares  are  the  experimental  data  for  10BC13  and 
“BCl^  respectively.  The  solid  curves  are  obtained 
by  using  the  following  equation: 

N  =  N0  exp(  —  dxS) 

where  S  is  the  number  of  laser  shots,  and  dx  is  the 
apparent  dissociation  yield  averaged  over  the 
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Fig.  1.  Multiphoton  dissociation  of  BC13  by  the  FEL  at  the 
frequency  of  944  cm"1. 


whole  cell  volume,  and  slope  of  line  corresponds  to 
the  dissociation  yield.  In  this  experiment  the  dis¬ 
sociation  yields  for  one  macropulse  were  5.7  x  10“  7 
and  8.3  x  10"7  for  10BC13  and  UBC13,  respectively. 
The  isotope  selectivity  defined  by  dtl/dl0  was  1.45. 

Fig.  2  shows  the  laser  frequency  dependence  of 
the  dissociation  yield.  The  absorption  spectrum  of 
BC13  is  shown  as  a  solid  line.  The  FEL  line  width  is 
6  cm-1,  which  is  much  less  than  the  isotope  shift 
between  10BC13  and  ^BCT*.  The  maximum  dis¬ 
sociation  yield  was  obtained  for  the  frequency  shif¬ 
ted  by  10  cm”1  towards  the  red  side  from  the 
vibrational  resonance  of  BC13.  Similar  results  had 
been  reported  earlier  for  BC13  molecule  [10,14], 
and  have  been  attributed  to  shift  of  spectrum  of 


transitions  in  the  quasi-continuum  of  high  vibra¬ 
tional  states  because  of  the  anharmonicity  of  target 
molecules.  At  985  cm" *,  the  dissociation  of  10BC13 
was  slightly  faster  than  nBCl3. 

In  Fig.  3,  the  dissociation  yields  by  FEL  at 
944  cm-1  are  compared  to  those  obtained  with 
a  TEA  CO  2  laser.  Open  and  closed  circles  are  the 
dissociation  yield  for  100  ns  C02  laser  pulse  width. 
Open  and  closed  squares  are  the  FEL  data.  The 
horizontal  axis  shows  the  laser  intensity  at  the  focal 
point.  Solid  and  dashed  curves  are  the  calculated 
dissociation  yields  for  C02  laser  and  FEL,  respec¬ 
tively,  under  the  assumption  that  in  the  region 
where  the  laser  intensity  exceeds  the  dissociation 
threshold  all  the  BC13  molecules  dissociate  for  one 
C02  laser  pulse  or  for  one  macropulse  of  FEL.  The 
dissociation  threshold  for  BC13  with  C02  laser  has 
been  reported  to  be  in  the  range  of  108— 109  W/cm2 
by  several  researchers  [1,14,15].  In  this  calculation, 
the  dissociation  threshold  of  540  MW/cm2  was 
used.  This  curve  shows  that  below  a  dissociation 
threshold  no  dissociation  occurs,  and  with  increas¬ 
ing  laser  intensity,  the  volume  in  the  gas  where  the 
laser  intensity  exceeds  the  dissociation  threshold 
increases  according  to  the  plot.  The  experimental 
data  for  C02  laser  fit  the  calculation  very  well.  It  is 
concluded  that  for  C02  irradiation  with  intensities 
above  its  dissociation  threshold  is  100%.  In  the 
case  of  FEL,  the  experimental  data  shows  a  smaller 
dissociation  yield  than  calculated.  However,  at 
an  intensity  of  1  GW/cm2  the  decrease  in  BC13 


wavenumber  (cm'1 ) 

Fig.  2.  Laser  frequency  dependence  of  the  dissociation  yield. 


Fig.  3.  Dissociation  yields  depend  on  laser  intensity  of  FEL  and 
CO 2  laser  at  the  frequency  of  944  cm-1. 
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concentration  was  too  low  to  determine  the 
dissociation  yield.  Thus  the  dissociation  threshold 
for  FEL  may  be  larger  than  that  for  C02  laser, 
because  the  pulse  energy  of  the  FEL  is  much  lower 
than  that  of  a  C02  laser.  If  the  dissociation  thre¬ 
shold  for  FEL  is  ~  1  GW/cm2,  the  experimentally 
obtained  dissociation  yield  for  FEL  becomes  very 
close  to  the  calculation.  The  dissociation  yield  for 
a  micropulse  shown  in  the  figure  is  a  lower  limit, 
because  it  was  impossible  to  determine  the  yield  for 
one  micropulse. 

Since  the  micropulse  duration  (10  ps)  is  much 
shorter  than  V-V  transfer  relaxation  time  (t  ~  250 
ns)  of  BC13  at  2.0  Torr,  the  isotope  selectivity  will  be 
improved  when  BC13  molecules  are  dissociated  per¬ 
fectly  with  one  micropulse  irradiation.  However, 
the  isotope  selectivity  for  the  FEL  was  ~  1.5.  This 
value  is  nearly  same  as  for  C02  laser  irradiation. 
This  fact  suggests  that  the  successive  excitation  of 
BCI3  by  the  train  of  FEL  micropulses  is  the  impor¬ 
tant  process  to  lead  the  dissociation,  in  other 
words,  BCI3  molecules  are  selectively  excited  in 
highly  vibrational  states  by  one  micropulse  of  ir¬ 
radiation.  In  order  to  improve  the  isotope  selectiv¬ 
ity,  the  dissociation  should  be  finished  before  the 
next  micropulse  irradiates  the  BC13  molecule.  For 
this  reason  we  have  a  proposal  to  perform  the 
experiment  by  two-color  laser  irradiation  scheme, 
where  the  precisely  tuned  FEL  micropulse  excites 
BCI3  up  to  the  3-4  vibrational  states  followed  by 
a  C02  laser  pulse  leading  to  dissociation. 

4.  Summary 

Multiphoton  dissociation  of  BC13  using  an  FEL 
was  demonstrated  for  the  first  time.  It  was  found 
that  the  dissociation  yield  in  the  laser  irradiation 
region  where  the  laser  intensity  exceeds  the  dis¬ 
sociation  threshold  is  not  1.  The  maximum  dis¬ 


sociation  yield  was  obtained  at  the  laser  frequency 
shifted  by  10  cm-1  towards  the  red  side  from  the 
vibrational  resonance  of  BC13.  At  this  frequency,  an 
isotope  selectivity  of  ~  1.5  was  found.  The  low 
value  of  isotope  selectivity  suggests  that  the  suc¬ 
cessive  excitation  of  BC13  by  the  train  of  FEL 
micropulses  is  the  dominant  process  in  the  multi¬ 
photon  dissociation.  In  order  to  improve  the  iso¬ 
tope  selectivity,  a  two-color  irradiation  by  FEL  and 
C02  laser  scheme  will  be  suitable. 
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Abstract 

The  potential  of  UV-storage  ring  free  electron  lasers  (SRFELs)  for  the  performance  of  original  application  experiments 
is  shown  with  a  special  emphasis  concerning  their  combination  with  the  naturally  synchronized  synchrotron  radiation 
(SR).  The  first  two-color  FEL  +  SR  experiment,  performed  in  surface  science  at  Super-ACO  is  reported.  The  experi¬ 
mental  parameters  found  to  be  the  most  important  as  gathered  from  the  acquired  experience,  are  underlined  and 
discussed.  Finally,  future  prospects  for  the  scientific  program  of  the  Super-ACO  FEL  are  presented  with  two-color 
experiments  combining  the  FEL  with  SR  undulator-based  XUV  and  VUV  beamlines  as  well  as  with  a  SR  white  light 
bending  magnet  beamline  emiting  in  the  IR-UV  (20  pm-0.25  pm).  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  07.85 .Qe;  41.60.Cr;  42.62.Fi;  71.20.Mq 

Keywords:  Synchrotron  radiation;  Free  electron  laser;  Pump/probe  experiment;  Surface  photovoltage  effect;  Absorption  spectroscopy 


1.  Opportunities  offered  by  UV-SRFELs  sources 

As  it  is  obviously  appearing  in  their  names,  UV- 
storage  ring  free  electron  lasers  (UV-SRFELs)  hap¬ 
pen  to  emit  coherent  light  in  the  UV  range  and  are 
based  on  storage  rings  !  These  features  are  poten¬ 
tially  extremely  interesting  in  the  sense  that  they 
open  two  important  directions  for  applications, 
which  are  not  directly  possible  to  follow  with  the 
more  and  more  challenging  conventional  lasers. 


*  Corresponding  author.  Tel.:  +  33-1-64-46-88-60;  fax:  +  33- 
1-64-46-41-48. 
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1.1.  Emission  in  the  UV 

In  recent  years,  as  the  quality  of  the  electron 
beams  available  for  storage  ring  FELs  improved, 
photons  have  been  produced  in  the  UV,  for  in¬ 
stance  at  Super-ACO  since  1991  with  wavelengths 
around  350  nm  [1],  around  239  nm  at  UVSOR 
since  1996  [2]  and  more  recently  around  234  nm 
at  NIJI-4  [3]  and  around  240  nm  at  Duke  [4], 
and  very  likely  in  the  future  in  the  VUV  range 
(below  180  nm).  This  makes  the  UV-SRFEL  a  very 
interesting  and  sometimes  unique  tool  for  the 
performance  of  one-photon  time-resolved  and/ 
or  frequency-resolved  experiments  in  photochemis¬ 
try  and  photobiology,  since  most  of  organic  and 
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inorganic  molecules  have  their  first  electronically 
excited  states  lying  in  the  380-200  nm  range.  For 
instance  the  time-resolved  polarized  fluorescence 
decay  of  a  biological  molecule,  the  NADH  coen¬ 
zyme,  has  been  studied  with  the  Super-ACO  FEL 
leading  to  very  interesting  results  [5].  In  such 
experiments,  beside  the  spectral  range,  one  takes 
advantage  of  the  linear  polarization,  the  pulse-to- 
pulse  stability  and  the  high  repetition  rate  of 
SRFELs  which  is  very  suitable  for  time-correlated 
photon-counting-type  experiments.  One  can  set  up 
the  same  experimental  environment  around 
SRFELs  in  terms  of  detection  technique  and 
sample  preparation  (e.g.  a  UHV  chamber  or  a  mo¬ 
lecular  beam),  as  for  conventional  table  top  lasers. 
One  can  also  consider  the  coupling  of  a  SRFEL 
with  synchronized  external  lasers  for  the  perfor¬ 
mance  of  two-color  experiments  where  one  of  these 
colors  has  to  be  tunable  in  the  UV  range,  for 
instance  in  resonance  enhanced  multiphoton  ioniz¬ 
ation  (REMPI)  experiments. 

1.2.  The  natural  synchronization  with  the 
synchrotron  radiation 

SRFEL  and  synchrotron  radiation  (SR)  pulses 
have  the  same  origin,  i.e.  the  electron  bunches 
travelling  in  the  storage  ring,  leading  to  a  natural 
pulse-to-pulse  synchronization  between  the  two 
sources.  Although  several  groups  have  been  suc¬ 
cessful  in  the  synchronization  of  mode-locked 
lasers  with  the  SR  [6-10],  as  listed  in  Table  1,  these 
synchronisation  set-ups,  usually  based  on  an  elec¬ 
tronic  locking  between  the  RF  cavity  of  the  ring 
and  of  the  mode-locker  RF,  can  present  some  in¬ 
stabilities  and  drifts.  In  addition,  the  non-unity 
repetition  rate  ratio  can  be  a  disadvantage  for  the 
exploration  of  long-time  dynamics  in  time-resolved 
experiments.  Furthermore,  and  this  is  the  main 
point,  the  UV  range  covered  by  SRFELs,  which  is 
not  accessible  with  a  reasonable  power  by  mode- 
locked  conventional  lasers,  makes  SRFELs 
a  unique  tool  for  the  performance  of  pump/probe 
two-color  experiments  using  the  complementary 
features  of  FEL  and  SR:  high  average  power  and 
spectral/temporal  resolution  for  the  former  and 
large  spectral  range  and  easy  tunability  for  the 
latter. 


Two-color  experiments  can  be  classified  in  differ¬ 
ent  categories: 

(i)  Frequency-resolved  experiments,  i.e.  with 
a  fixed  pump-to-probe  delay,  in  which  one  takes 
advantage  of  the  synchronization  for  achieving 
a  high  temporal  confinement  of  the  two  pulses, 
which  strongly  increases  the  two-photon  pumping 
scheme  efficiency  via  a  short-lived  intermediate 
state.  This  gain  factor,  determined  by  the  temporal 
overlap  of  the  two  sources  on  the  time-scale  of  the 
sample  excited  state  lifetime,  as  compared  with  the 
use  of  a  cw  laser  in  combination  with  the  SR, 
depends  of  course  on  the  duty  factor  of  the  SR 
source  with  typical  values  of  100  (second  genera¬ 
tion  SR  source)  to  104  (third  generation  SR  source) 
for  the  same  laser  average  power. 

(ii)  Time-resolved  experiments,  in  which  the 
pump-to-probe  delay  is  scanned  in  order  to  study 
the  relaxation  dynamics  of  the  excited  state,  as  it  has 
been  performed  for  decades  in  the  visible  with  pul¬ 
sed  laser  [13,14].  The  probe-photon  then  samples 
the  temporal  decay  curve  of  the  excited  state  while 
allowing  a  cw  detection  scheme,  since  all  the  dy¬ 
namical  information  resides  in  the  pump-to-probe 
delay.  The  time  range  accessible  for  such  time-re¬ 
solved  FEL  +  SR  studies  is  usually  limited  on  the 
short-time  side  by  the  SR  pulse  width  ATSR  and  on 
the  long-time  side  by  the  repetition  period  of  the  SR 
pulses  (Tsr)  (see  Table  1  for  characteristic  values). 
As  it  can  be  seen  in  Fig.  1,  this  range  corresponds  to 
the  dynamic  timescale  of  many  relaxation  processes 
either  in  the  gas  phase  or  in  condensed  matter. 

(iii)  A  combination  of  (i)  and  (ii)  when  for  in¬ 
stance,  for  a  series  of  given  pump-to-probe  delays 
another  variable  of  the  experiment  belonging  to  the 
frequency  domain,  such  as  a  photon  or  an  electron 
energy,  is  scanned,  so  that  informations  on  a  2D 
(time  and  energy)  level  is  gained.  The  experiment  on 
semi-conductor  interfaces  presented  in  Section 
2  belongs  to  this  last  category. 

In  contrast  to  the  challenging  conventional  laser- 
based  UV  sources,  usually  produced  by  non-linear 
processes  requiring  high-energy  pulses  at  low  rep¬ 
etition  rates,  SR-FELs  are  pulsed  sources  with 
a  high  repetition  rate,  in  the  MHz  range,  producing 
low-energy  pulses.  This  can  be  a  very  interesting 
property  since  the  small  number  of  events  per  shot 
allows  the  performance  of  coincidence  experiments 


L.  Nahon  et  al  (  Nuclear  Instruments  and  Methods  in  Physics  Research  A  429  (1999)  489-496 


491 


Experiment 

type 

Temporal 

structure 


Exp  range 
FEL+SR 

Detectors 


Relaxation 

phenomena 


1  ps  1  ns  1  ns  1  ms 

Fig.  1.  Temporal  range  accessible  for  the  SRFEL  +  SR  combi¬ 
nation  together  with  the  timescale  of  several  relaxation  pro¬ 
cesses  dynamics. 


without  too  many  false  coincidences.  Also,  in  the 
case  of  photoemission  experiments,  widely  used  as 
a  probe  technique,  the  small  number  of  electrons 
created  per  shot  insures  a  negligible  space  charging 
effect,  allowing  the  performance  of  high-resolution 
photoelectron  spectroscopy. 

Finally,  and  this  is  a  major  point,  SR-FELs  are 
usually  part  of  a  synchrotron  radiation  facility 
gathering  many  scientists  from  different  areas.  It  is 
then  a  very  favorable  place  for  developing  tight 
collaborations  at  both  the  instrumental  and  scient¬ 
ific  level,  leading  to  the  performance  of  original 
two-color  experiments. 

2.  The  first  two-color  experiment  FEL  +  SR 
at  super-ACO 

2.1.  Presentation  of  the  surface  photo  voltage 
experiments 

In  this  section,  we  present  briefly  the  first  two- 
color  FEL  +  SR  experiment  ever  performed.  It 
started  at  Super-ACO  in  1994  and  is  relevant  to  the 
surface  sciences,  concerning  the  time-resolved 
study  of  the  surface  photo  voltage  effect  (SPV) 
induced  by  FEL  UV  photons  (at  350  nm)  on 
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semiconductors  surfaces  and  interfaces  such  as 
Si(l  1 1)  2  x  1  and  Ag/GaAs  [1 1,15].  The  SPY  is  due 
to  the  motion  of  FEL-created  electron/hole  pairs, 
leading  to  modifications  of  the  band  bending.  One 
then  directly  measures  the  SPV  by  shifts  of  the  core 
photoelectron  peaks  generated  by  the  SR  from  the 
SU3  undulator  beamline.  Owing  to  the  natural 
synchronization  between  the  FEL  and  SR  pulses, 
effects  due  to  the  nanosecond  and  sub-nanosecond 
timescale  dynamics  of  the  process  have  been  ob¬ 
served  by  scanning  the  FEL-to-SR  delay  with  an 
optical  delay  line  on  the  FEL  beam  path. 

Fig.  2  shows  the  SPY  intensity  fluctuations  as 
a  function  of  the  delay  between  the  two  pulses  for 
three  different  surface  qualities  of  cleaved 
Si(l  1 1)2  x  1.  The  long-time  behavior  is  due  to  the 
steady-state  regime  of  photocarrier  relaxation  as 
observed  in  the  bulk.  In  contrast,  the  strongly  oscil¬ 
lating  transient  regime,  observed  during  the  first 
half-nanosecond,  is  attributed  to  the  n  (bonding) 
and  n*  (anti-bonding)  electronic  surface  states  [11]. 
One  can  then  understand  the  very  different  behav¬ 
ior  observed  on  a  surface  showing  many  defects 
known  to  accelerate  the  electronic  relaxation  (curve 
c  in  the  figure).  These  results,  as  well  as  recent  data 
obtained  on  other  silicon  interfaces  [16],  are  very 
important  for  the  understanding  of  surface  recom¬ 
bination  phenomena  and  their  role  in  the  dynamics 
of  photon-induced  electron/hole  pairs. 


delay  (ns) 

Fig.  2.  SPV  intensity  as  a  function  of  the  FEL/SR  delay  for 
3  Si(l  1 1)  surfaces:  (a)  Si(l  1 1)2  x  1  freshly  cleaved  surface;  (b) 
partially  contaminated  surface;  (c)  surface  with  a  high  defect 
density. 


Such  studies  allow  one  to  track  the  sub¬ 
nanosecond  electrostatic  charge  density  evolution 
of  off-equilibrium  systems,  with  an  application  in 
semi-conductor  physics  related  to  the  transient  be¬ 
havior  of  Schottky  diodes.  Besides,  there  are  also 
interesting  high  “photon  density”  effects  as  ob¬ 
served  in  spectro-microscopy  experiments  on 
semiconductor  surfaces  (photoelectron  analysis  on 
a  micron  size  volume)  performed  with  a  very  bril¬ 
liant  SR  beam  as  available  on  third  generation  SR 
sources.  Inducing  with  the  FEL  such  high-flux  den¬ 
sity  effects,  which  could  be  linked  to  a  SPY  effect, 
permits  their  precise  and  quantitative  evaluation. 

2.2.  What  can  we  learn  from  the  SPV  experiment 
on  the  experimental  procedure 

During  the  performance  of  the  SPV  experiment, 
several  points  appeared  to  be  critical  for  obtaining 
reliable  data,  which  are  of  general  importance: 

FEL  operation  lifetime :  A  complex  photoemission 
experiment,  like  many  other  endstations  encoun¬ 
tered  around  SR  sources,  requires  some  time  to 
become  operational  (warming  up  of  the  mirrors 
carrying  the  SR,  checking  procedure  for  the  elec¬ 
tron  analyzer...),  even  though  the  sample  has  been 
prepared  previously  to  the  FEL  operation.  The 
typical  acquisition  time  for  a  given  temporal  delay 
is  in  the  range  of  10  min.  Therefore,  the  investiga¬ 
tion  of  several  temporal  delay  values  for  a  given 
sample,  with  the  possible  intermediate  fine  tuning 
of  the  FEL  pointing,  requires  a  minimum  of  several 
hours  of  satisfactory  operation  of  both  the  SR  and 
the  FEL.  This  was  the  case  at  Super-ACO,  where, 
depending  on  the  operation  of  the  FEL  (with  or 
without  the  use  of  the  500  MHz  harmonic  RF 
cavity  [17])  the  lifetime  of  the  FEL  in  useful  experi¬ 
mental  conditions  (power,  stability)  is  usually  in  the 
range  of  3-6  h.  This  is  definitely  one  of  the  greatest 
advantages  of  operating  the  FEL  at  the  rather  high 
energy  of  800  MeV,  the  nominal  energy  of  Super- 
ACO,  as  compared  to  other  SRFELs. 

Flux :  Because  of  the  thermal  load  deposited  of 
the  FEL  cavity  front  mirror,  exposed  to  the  intense 
photon  flux  of  the  undulator,  and  because  of  the 
high-order  coherent  synchrotron  oscillations  which 
can  be  triggered  at  high  current,  the  FEL  operation 
requires  a  moderate  stored  current,  typically  below 
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80-100  mA  at  Super-ACO  (in  2  bunches)  instead  of 
a  maximum  stored  current  of  400  (resp.  200)  mA  for 
the  standard  SR  operation  in  the  multi-bunches 
(resp.  2  bunches)  mode.  Nevertheless,  the  Super- 
ACO  FEL  has  the  highest  operating  current  of  any 
SRFEL.  Besides,  because  of  the  high  repetition  rate 
of  SR-FEL  leading  to  low-energy  pulses,  the  elec¬ 
tronic  transitions  are  usually  non-saturated  mak¬ 
ing  two-photon  transitions  of  second  order.  For  all 
these  reasons,  the  flux  factor  of  merit,  usually  given 
by  the  product  of  the  FEL  and  SR  flux,  has  to  be 
optimized,  for  instance  by  operating  the  ring  with 
a  high  energy.  Also,  the  SR  should  be  produced 
when  possible  by  insertion  devices  instead  of  ben¬ 
ding  magnets.  For  most  experiments,  it  is  not  rea¬ 
sonable  to  perform  these  kind  of  experiments  below 
30  mA  at  800  MeV  or  80  mA  at  500  MeV.  The  FEL 
flux  should  be  maximized  by  adjusting  the  trans¬ 
mission  of  the  mirror  through  which  the  photons 
are  extracted.  Recently  a  usable  power  of  300  mW 
has  been  achieved  at  Super-ACO  owing  to  an  in¬ 
creased  transmission  of  one  of  the  cavity  mirrors 
[17,18]. 

FEL /SR  spatial  overlap :  In  the  case  of  the  SPV 
experiment,  because  of  the  high  target  density  lead¬ 
ing  to  a  reasonably  intense  two-color  signal,  one 
could  directly  find  and  optimize  the  spatial  overlap 
of  the  two  beams  onto  the  sample  by  maximizing 
the  SPV  signal.  More  generally,  and  especially  in 
the  case  of  dilute  species  for  which  the  two-color 
signal  might  be  very  weak,  the  spatial  overlap  can 
be  checked  independently  with  a  small  area  photo¬ 
diode  located  at  the  sample  position,  showing  a  sig¬ 
nal  due  to  the  contribution  of  the  two  beams.  For 
this  procedure,  the  SR  monochromator  has  to  be 
set  to  the  zero-order  position.  A  precise  calibration 
then  requires  a  high  quality  mechanism  for  the 
monochromator  motion,  such  that  the  diffract¬ 
ion  zero-order  and  the  dispersed  orders  coincide 
spatially. 

FEL/SR  synchronization :  The  absolute  synchroni¬ 
zation,  i.e.  the  “zero  SR-to-FEL  delay”  is  an  impor¬ 
tant  parameter  to  determine.  Its  measurement  is 
performed  with  a  small  area  fast  photodiode  con¬ 
nected  to  a  fast  oscilloscope,  providing  an  absolute 
calibration  precision  in  the  range  of  ±  lOOps.  For 
such  a  measurements,  the  SR  monochromator  is  set 
to  zero-order  so  that  all  the  SR  light,  including  the 


visible  and  near-UV  part,  is  sent  onto  the  photo¬ 
diode,  which  otherwise  would  not  be  sensitive 
enough  in  the  dispersed  orders.  This  condition  is 
important  and  cannot  always  be  fulfilled  on  all 
beamlines,  for  instance  on  some  undulator  beam¬ 
lines. 

Overall  temporal  jitter :  This  is  an  important  issue, 
especially  in  the  case  of  short-living  excited  states 
and  when  sharp  features  are  expected  in  the  tem¬ 
poral  decay  curve,  which  is  the  case  of  the  SPV 
experiment.  This  jitter  is  linked  to  the  SR  pulse-to- 
pulse  stability,  limited  by  the  jittering  of  the  elec¬ 
tron  bunches  and  to  the  FEL/SR  pulse-to-pulse 
synchronization,  limited  by  the  jitter  of  the  FEL 
micropulses  with  respect  to  electronic  longitudinal 
distribution.  Owing  to  the  good  longitudinal  stabil¬ 
ity  of  the  electron  beam  [19]  and  to  a  longitudinal 
feedback  on  the  laser  [20],  the  overall  jitter  is  less 
than  10  ps  at  Super-ACO. 

Intensity  fluctuations:  This  is  a  major  point  for  the 
SPV  experiment,  as  well  as  for  many  others,  since  in 
the  case  of  important  fluctuations,  the  transient 
regime  might  lead  to  some  parasitic  effects,  such  as 
the  broadening  of  the  spectra,  which  could  lead  to 
unreliable  data.  In  order  to  achieve  a  macro-tem¬ 
poral  high  stability  (around  1%)  over  a  long  time 
(several  hours),  the  longitudinal  feedback  was  con¬ 
stantly  used  in  order  to  lock  the  laser  micro-pulses 
at  perfect  synchronism  with  the  electron  bunches 
leading  to  a  cw  macro-temporal  structure  [21]. 

3.  Future  prospects  at  super-ACO 

As  it  is  clear  from  the  previous  section,  two-color 
FEL  +  SR  experiments  are  not  straightforward 
and  require  a  careful  and  optimized  operation  of 
both  the  FEL  and  the  SR.  This  imposes  some 
severe  constraints  on  the  choice  and  type  of  beam¬ 
line  to  be  used.  According  to  the  spectral  domain  to 
be  covered  by  the  SR,  one  can  use  different  types  of 
beamline,  listed  here  by  increasing  wavelength: 

(a)  X-ray:  for  this  photon  energy  range,  a  beam¬ 
line  based  on  a  two-crystal  monochromator,  could 
be  used  for  the  time-resolved  study  of  structural 
motion  on  FEL-excited  samples  probed  by  photo¬ 
diffraction.  To  our  knowledge,  such  an  experiment 
has  not  yet  been  performed,  nor  is  planned. 
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(b)  Soft  X-ray:  this  spectral  range  allows  the 
investigation  of  electronic  properties  of  matter  at 
the  inner  shell  level,  such  as  electron  correlations.  It 
is  typically  the  spectral  domain  of  grazing  incidence 
grating  monochromators,  allowing  a  resolving 
power  A/AA  in  the  104  range  for  the  best  beamlines 
with  up  to  1012ph/s  on  third  generation  sources, 
and  typically  a  few  109ph/s  for  a  3000  resolving 
power  (case  of  SU3)  on  a  second  generation  ma¬ 
chine  such  as  Super-ACO.  Considering  the  small 
ultimate  slit  width  required  for  the  high  resolution 
operation,  an  emittance  as  low  as  possible  and 
a  high  brilliance  as  delivered  by  an  undulator  is 
preferable.  Such  a  grazing  incidence  beamline  has 
allowed  the  performance  of  the  SPV  experiment  for 
which  future  prospectives  in  surfaces  sciences  are 
two-fold:  (i)  continuation  of  the  experiments  on 
other  interfaces  such  as  Au/Si  in  order  to  have 
a  better  insight  into  the  role  of  the  surface  states  in 
the  relaxation  dynamics;  (ii)  performance  of  two- 
color  two-photon  photoemission  experiments  via 
the  conduction  band  in  order  to  probe  of  the  empty 
electronic  states.  In  the  gas  phase,  inner-shell 
electronic  relaxation  of  FEL-produced  radicals 
could  be  investigated,  as  it  has  been  done  with  a  cw 
visible  Ar  ion  laser,  in  the  specific  case  of  halogen 
atoms  requiring  only  visible  light  to  be  produced 
by  laser-induced  dissociation  of  the  precursor 
halogen  molecule  [22]. 

(c)  VUV:  this  spectral  domain  is  covered  by  nor¬ 
mal  incidence  monochromators  for  which,  due  to 
the  minimization  of  optical  aberrations,  a  resolving 
power  of  up  to  105  with  a  flux  in  the  1010  ph/s  range 
can  be  obtained,  which  is  strived  for  the  new  SU5 
beamline  at  Super-ACO  presently  under  construc¬ 
tion  [23].  This  beamline,  whose  primary  scientific 
goals  are  in  the  fields  of  gas-phase  photochemistry 
and  photon-induced  processes  involving  the  val¬ 
ence  shells,  should  be  used  in  the  future  in  combi¬ 
nation  with  the  FEL  for  the  performance  of 
two-photon  photoionization  experiments  on  rare 
gases  and  small  molecules  as  well  as  for  the  tem¬ 
poral  study  of  intra-molecular  dynamics  by  time- 
resolved  photoelectron  spectroscopy  with  SR  on 
FEL-ex cited  molecules.  If  in  addition  one  considers 
the  exotic  polarization  capabilities  of  the  SU5  be¬ 
amline,  allowing  the  study  of  the  anisotropic  prop¬ 
erties  of  matter  owing  to  a  versatile  electromagnetic 


crossed  undulator  [24],  one  can  foresee  on  the 
long-range  a  strong  program  of  the  UV  +  VUV 
combination,  including  for  instance  the  study  of 
circular  dichroism  on  FEL-produced  and  aligned 
photofragments. 

(d)  UV-IR  range:  this  is  a  spectral  range  which 
has  not  yet  been  widely  used,  but  the  SR  emitted 
from  an  bending  magnet  can  cover  the  UV  and 
visible  range  reaching  the  far-IR  region.  At  Super- 
ACO,  a  dedicated  new  beamline,  named  SA5  and 
depicted  in  Fig.  3,  is  currently  at  its  final  stage  of 
construction,  aimed  at  extracting  and  collimating 
the  white  light  continuum  of  a  bending  magnet  in 
the  0.25-20  pm  range.  Such  a  beamline  should  be 
operational  on  the  short  range  for  the  performance 
of  transient  absorption  spectroscopy  of  FEL-excit- 
ed  samples.  The  vertical  collection  angle  of  15  mrad 
should  allow  the  extraction  of  more  than  20%  of 
the  light  emitted  at  20  pm  while  the  horizontal 


Fig.  3.  Schematic  of  the  optical  layout  of  the  SA5  beamline; 
a  water-cooled  A 1 -coated  copper  mirror  collects  and  deflects  the 
beam  towards  a  focusing  optical  element  made  of  two-spherical 
conjugated  off-axis  mirrors,  which  collimate  and  demagnify  the 
beam  for  an  easy  transportation  towards  the  experimental  hutch 
via  simple  flat  mirrors. 
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aperture  of  45  mrad  should  allow  one  to  obtain 
a  high  photon  flux,  sufficient  in  all  cases  to  saturate 
most  of  the  absorption  lines.  The  geometry  of  the 
beamline  has  been  especially  studied  so  that  a  rela¬ 
tive  delay  of  —  2  ns  up  to  8  ns  would  be  easily 
tuned  by  a  computer-controlled  optical  delay  line. 

The  scientific  case  as  well  as  the  experimental 
set-up  of  the  SA5  beamline  is  two-fold  according  to 
the  part  of  the  SR  spectrum  to  be  used: 

•  in  the  IR  part  of  the  SR  spectrum,  up  to 
20  pm,  absorption  spectroscopy  will  be  carried  out 
through  a  Fourier-transform  spectrometer  allow¬ 
ing  high  resolution  and  sensitivity.  Note  that  in  the 
IR  spectral  range,  the  SR  is  the  only  available 
pulsed  and  white  source  with  no  equivalent  in 
world  of  lasers.  The  UV  +  IR  combination  is  po¬ 
tentially  very  fruitful  since  it  implies  both  the  nu¬ 
clear  and  electronic  motions  and  their  possible 
couplings,  which  can  be  investigated  by  IR 
(pump)  +  UV  (probe)  experiments  requiring  high- 
power  IR  lasers  such  as  IR-FELs  [25]  or,  as  here, 
in  the  UV  (pump)  +  IR  (probe)  sequence.  In  mater¬ 
ials  sciences,  such  an  experiment  can  bring  new 
insights  on  the  photocarriers  density  [26]  in  large 
gap  semi-conductors,  with  possible  applications  to 
UV  photodetectors.  Time-resolved  modifications 
of  thin  films  and  interfaces  under  UV  irradiation 
such  as  the  photon-induced  polymerisation  of  ad¬ 
sorbed  molecules  or  their  photodesorption  could 
also  be  studied.  In  the  gas  phase,  the  ns  temporal 
confinement  of  the  pump  and  probe  pulses  should 
allow  the  performance  of  experiments  in  a  gas  cell 
at  pressures  up  to  a  few  Torr  in  a  collisionless 
regime.  Then,  the  ro-vibrationnal  energy  content  of 
molecular  fragments  produced  by  FEL-induced 
photodissociation  could  be  mapped  out.  Recipro¬ 
cally,  the  FEL  could  be  used  to  produce,  by  laser- 
induced  dissociation  from  a  suitable  molecular  pre¬ 
cursor,  radicals  whose  ro-vibronic  structure  is  in¬ 
teresting  to  study.  Finally,  the  dynamics  of  intra¬ 
molecular  relaxation  processes,  due  to  electronic 
state  coupling,  such  as  inter-system  coupling 
should  be  investigated. 

•  in  the  visible  and  UV  (down  to  250  nm)  part  of 
the  SR  spectrum,  the  absorption  profiles  of  the 
sample  in  solution  will  be  obtained  via  a  750  mm 
focal  length  monochromator  equipped  with  a  CCD 
detection.  The  scientific  program  will  be  devoted  to 


the  field  of  time-resolved  photobiology  in  which 
both  the  photophysics  and  photochemistry  of  natu¬ 
ral  chromophores,  such  as  nucleic  acids,  coenzymes 
or  neurotransmitters  are  studied  in  order  to  be  able 
to  understand  and  control  the  chemical  reactions 
involved  in  the  metabolism,  including,  for  instance, 
the  action  of  certain  drugs  used  in  anti-tumor  ther¬ 
apy.  Along  the  temporal  evolution  of  the  photo¬ 
chemical  reaction  triggered  by  the  FEL  photon, 
reaction  intermediates  such  as  radicals  or  ions,  as 
well  as  the  final  products  will  be  analyzed  owing  to 
their  spectral  signature  on  the  absorption  spectrum. 


4.  Conclusion 

The  development  of  the  source  and  of  the  scient¬ 
ific  applications  program  is  pursued  in  parallel  at 
Super-ACO,  since  both  activities  are  mutually  be¬ 
nefiting  from  this  procedure.  The  progress  on  the 
source  is  often  driven  by  the  application  require¬ 
ments  in  terms  of  stability,  extracted  power,  spec¬ 
tral  range  ..etc..,  while  reciprocally  it  is  the 
achievement  of  such  progress  which  allows  the  per¬ 
formances  of  these  experiments.  The  development 
of  the  FEL-based  experimental  program,  mainly 
devoted  to  the  study  of  off-equilibrium  matter,  will 
certainly  be  many-fold  in  the  near  future.  One  di¬ 
rection  to  be  followed  will  be  the  decrease  of  the 
emission  wavelength  towards  the  deep  UV  and  the 
VUV  (on  the  long-run)  leading  to  new  potential 
applications  with  the  opening  of  the  first  ionization 
channels.  Another  interesting  property  which  could 
be  used  in  the  future  lies  in  the  possibility  of  produ¬ 
cing  circularly-polarized  UV  light  with  helical  un~ 
dulator-based  SR-FEL,  as  projected  on  third 
generation  machine  such  as  ELETTRA  and  SOL- 
EIL.  Such  a  polarization  feature  could  make  UV 
(and  VUV)  SR-FELs  a  very  powerful  tool  for  the 
investigation  of  the  chiral  and  anisotropic  proper¬ 
ties  of  matter. 

References 

[1]  M.E.  Couprie,  D.  Garzella,  M.  Billardon,  Europhys.  Lett. 

21  (1993)  909. 

[2]  H.  Hama,  K.  Kimura,  H.  Hosaka,  J.  Yamazaki,  T. 

Kinoshita,  Proceeding  of  AFEL  97  Free  Electron  Laser 


X.  FEL  APPLICATIONS 


496 


L.  Nahon  et  al  /  Nuclear  Instruments  and  Methods  in  Physics  Research  A  429  (1999)  489-496 


and  its  applications  in  Asia,  Ionics  Publishing  Co,  Tokyo, 
1997,  p.  17-24. 

[3]  K.  Yamada,  N.  Sei,  T.  Yamazaki,  H.  Ohgaki,  V.N.  Lit¬ 
vinenko,  T.  Mikado,  M.  Kawai,  M.  Yokoyama,  Nucl. 
Instr.  and  Meth.,  A  429  (1999)  159. 

[4]  V.N.  Litvinenko,  Y.  Wu,  S.H.  Park,  I.V.  Pinayev,  Nucl. 
Instr.  and  Meth.,  A  429  (1999)  151. 

[5]  M.E.  Couprie,  F.  Merola,  P.  Tauc,  D.  Garzella,  A.  De¬ 
lboulbe,  T.  Hara,  M.  Billardon,  Rev.  Sci.  Instrum.  65  (1994) 
1485. 

[6]  T.  Mitani,  H.  Okamoto,  Y.  Takagi,  M.  Watanabe,  K.  Fukui, 
S.  Koshihara,  C.  Ito,  Rev.  Sci.  Instrum.  60  (1989)  1569. 

[7]  D.L.  Ederer,  J.E.  Rubensson,  D.R.  Muller,  R.  Shuker,  W.L. 
O’Brien,  J.  Lai,  Q.Y.  Dong,  T.A.  Callcott,  G.L.  Carr,  G.P. 
Williams,  C.J.  Hirshmugl,  S.  Etemad,  A.  Inam,  D.B.  Tan¬ 
ner,  Nucl.  Instr.  and  Meth.  A  319  (1992)  250. 

[8]  J.  Lacoursiere,  M.  Meyer,  L.  Nahon,  P.  Morin,  M.  Larzil- 
liere,  Nucl.  Instr.  and  Meth.  A  351  (1994)  545. 

[9]  J.  Gatzke,  R.  Bellmann,  I.  Hertel,  M.  Wedowski,  K. 
Godehusen,  P.  Zimmermann,  T.  Dohrmann,  A.v.d.  Borne, 
B.  Sonntag,  Nucl.  Instr.  and  Meth.  A  365  (1995)  603. 

[10]  M.  Mizutani,  M.  Tokeshi,  A.  Hiraya,  K.  Mitsuke,  J.  Syn¬ 
chrotron,  Radiat.  4  (1997)  6. 

[11]  M.  Marsi,  M.E.  Couprie,  L.  Nahon,  D.  Garzella,  A.  De¬ 
lboulbe,  T.  Hara,  R.  Bakker,  G.  Indlekofer,  M.  Billardon, 
A.  Taleb-Ibrahimi,  Appl.  Phys.  Lett.  70  (1997)  895. 

[12]  M.E.  Couprie,  D.  Nutarelli,  M.  Billardon,  Nucl.  Instr.  and 
Meth.  B  144  (1998)  66. 

[13]  A.H.  Zewail,  Science  242  (1988)  1645. 

[14]  L.  Nahon,  M.  Meyer,  J.  Lacoursiere,  M.  Gisselbrecht,  P. 
Morin,  M.  Larzilliere,  in:  A.  Yagishita,  T.  Sasaki  (Eds.), 
Frontiers  Sciences  Series  Atomic  and  molecular  photoion¬ 
ization,  Academic  Press,  Tokyo,  1996,  pp.  1-10. 


[15]  M.  Marsi,  L.  Nahon,  M.E.  Couprie,  D.  Garzella,  T.  Hara, 
R.  Bakker,  M.  Billardon,  A.  Delboulbe,  G.  Indlekofer,  A. 
Taleb-Ibrahimi,  J.  Elec.  Spectr.  94  (1998)  149. 

[16]  M.  Marsi  et  al.,  Nucl.  Instr.  and  Meth.,  1999,  These  Pro¬ 
ceedings. 

[17]  M-E.  Couprie,  R.  Roux,  D.  Nutarelli,  E.  Renault,  M. 
Billardon,  Nucl.  Instr.  and  Meth.  A  429  (1999)  165. 

[18]  D.  Nutarelli,  M-E.  Couprie,  E.  Renault,  R.  Roux, 

L.  Nahon,  A.  Delboulbe,  M.  Billardon,  Proceedings  20th 
Free  Electron  Laser  Conference,  Williamsburg,  VA,  1998, 
Elsevier  Science  B.V.,  Amsterdam,  1999,  p.  11.63. 

[19]  R.  Roux,  M.E.  Couprie,  R.J.  Bakker,  D.  Garzella,  D. 
Nutarelli,  L.  Nahon,  M.  Billardon,  Phys.  Rev.  E  58  (1998) 
6584. 

[20]  M.E.  Couprie,  D.  Garzella,  T.  Hara,  J.  Codarbox,  M. 
Billardon,  Nucl.  Instr.  and  Meth.  A  358  (1995)  374. 

[21]  D.  Garzella,  M.E.  Couprie,  A.  Delboulbe,  T.  Hara,  M. 
Billardon,  Nucl.  Instr.  and  Meth.  A  341  (1994)  24. 

[22]  L.  Nahon,  P.  Morin,  Phys.  Rev.  A  45  (1992)  2887. 

[23]  L.  Nahon,  B.  Lagarde,  F.  Polack,  C.  Alcaraz,  O.  Dutuit, 

M.  Vervloet,  K.  Ito,  Nucl.  Instr.  and  Meth.  A  404  (1998)  418. 

[24]  L.  Nahon,  M.  Corlier,  P.  Peaupardin,  F.  Marteau,  O. 
Marcouille,  P.  Brunelle,  C.  Alcaraz,  P.  Thiry,  Nucl.  Instr. 
and  Meth.  A  396  (1997)  237. 

[25]  “Recent  report  of  the  Workshop  on  scientific  opportuni¬ 
ties  for  Infrared  Free  Electron  Lasers”,  Lawrence  Berkele 
Laboratory,  Berkeley,  PUB  26783  (1989)  and  “Combus¬ 
tion  Dynamics  Facility”,  Lawrence  Berkeley  Laboratory 
and  Sandia  National  Laboratory,  Berkeley,  PUB-5284, 
1990. 

[26]  G.L.  Carr,  J.  Reichman,  D.  DiMarzio,  M.B.  Lee,  D.L. 
Ederer,  K.E.  Miyano,  D.R.  Mueller,  A.  Vasilakis,  W.L. 
O’Brien,  Semicond.  Sci.  Technol.  8  (1993)  922. 


ELSEVIER 


Nuclear  Instruments  and  Methods  in  Physics  Research  A  429  (1999)  497-501 


NUCLEAR 
INSTRUMENTS 
&  METHODS 
IN  PHYSICS 
RESEARCH 

_ Section  A _ 


www.elsevier.nl/locate/nima 


The  free  electron  laser:  a  system  capable  of  determining  the  gold 
standard  in  laser  vision  correction 

W.  Craig  Fowlera,b’*,  John  G.  Rose3,  Daniel  H.  Changa  b,  Alan  D.  Proiac 

a Department  of  Ophthalmology,  Duke  University  Medical  Center,  Durham,  NC  27710,  USA 
hFree  Electron  Laser  Laboratory,  Duke  University  Medical  Center,  Durham,  NC  27710,  USA 
c Department  of  Pathology,  Duke  University  Medical  Center,  Durham,  NC  27710,  USA 


Abstract 

Introduction.  In  laser  vision  correction  surgery,  lasers  are  generally  utilized  based  on  their  beam-tissue  interactions 
and  corneal  absorption  characteristics.  Therefore,  the  free  electron  laser,  with  its  ability  to  provide  broad  wavelength 
tunability,  is  a  unique  research  tool  for  investigating  wavelengths  of  possible  corneal  ablation.  Methods.  Mark  III  free 
electron  laser  wavelengths  between  2.94  and  6.7  pm  were  delivered  in  serial  0.1  pm  intervals  to  corneas  of  freshly 
enucleated  porcine  globes.  Collateral  damage,  ablation  depth,  and  ablation  diameter  were  measured  in  histologic 
sections.  Results.  The  least  collateral  damage  (12-13  pm)  was  demonstrated  at  three  wavelengths:  6.0,  6.1  (amide  I),  and 
6.3  pm.  Minimal  collateral  damage  (15  pm)  was  noted  at  2.94  pm  (OH-stretch)  and  at  6.2  pm.  Slightly  greater  collateral 
damage  was  noted  at  6.45  pm  (amide  II),  as  well  as  at  the  5.5 -5.7  pm  range,  but  this  was  still  substantially  less  than  the 
collateral  damage  noted  at  the  other  wavelengths  tested.  Conclusions.  Our  results  suggest  that  select  mid-infrared 
wavelengths  have  potential  for  keratorefractive  surgery  and  warrant  additional  study.  Further,  the  free  electron  laser’s 
ability  to  allow  parameter  adjustment  in  the  farultraviolet  spectrum  may  provide  unprecedented  insights  toward 
establishing  the  gold-standard  parameters  for  laser  vision  correction  surgery.  ©  1999  Elsevier  Science  B.V.  All  rights 
reserved. 

PACS:  87.50.Hj;  41.60.Cr;  87.90.  +  y 

Keywords:  Free  electron  laser;  Infrared  laser;  Refractive  surgery;  Cornea;  Laser  vision  correction;  Collateral  damage 


I.  Introduction 

The  free  electron  laser  represents  a  new  and 
unique  research  tool  in  science  and  medicine  be¬ 
cause  it  allows  broad-wavelength  tunability  while 
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providing  excellent  optical-beam  quality  [1].  It  af¬ 
fords  investigators  the  unprecedented  opportunity 
to  evaluate  laser-tissue  interactions  serially  over 
multiple  wavelengths  by  “making  use  of  a  simple 
and  elegant  gain  medium  -  an  electron  beam  in 
a  magnetic  field”  [1]. 

In  laser  vision  correction  surgery,  lasers  are 
generally  utilized  based  on  their  beam-tissue  inter¬ 
actions  and  corneal  absorption  characteristics, 
with  principal  regard  to  their  corneal  cutting  po¬ 
tential.  The  greatest  absorption  of  laser  light  in 
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the  cornea  is  by  water  and  biomolecules  in  the 
far-ultraviolet  region  of  the  electromagnetic  spec¬ 
trum  (<300  nm),  the  mid-infrared  region 
(with  peaks  at  about  3  and  6  pm),  and  the  far- 
infrared  regions  (>10  pm).  The  cornea  is  virtually 
transparent  to  light  at  wavelengths  from  0.3  to  1.3 
pm  [2-4]. 

Infrared  investigations  for  possible  usage  in  cor¬ 
neal  surgery  began  with  the  original  report  by  Fine 
in  1967  utilizing  the  continuous  wave  carbon  diox¬ 
ide  laser,  operating  at  a  wavelength  of  10.6  pm  [5]. 
Significant  thermal  damage  of  adjacent  tissue  was 
noted,  and  to  improve  heat  dissipation,  pulsed  C02 
laser  emissions  were  investigated  [6].  To  further 


reduce  the  amount  of  energy  deposition,  Q-switch- 
ing  was  implemented,  yielding  an  observed  de¬ 
crease  in  collateral  damage  to  only  25-30  pm  [7]. 
Despite  these  advances,  the  far-infrared  carbon 
dioxide  laser  was  abandoned  in  favor  of  the 
mid-infrared  hydrogen  fluoride  (HF,  3.0  pm), 
Raman-shifted  neodynium:  YAG  (Nd:YAG,  2.80 
and  2.92  pm),  and  subsequently  the  erbium-YAG 
(Er:YAG,  2.94  pm)  lasers  because  of  their  higher 
corneal  absorption  characteristics,  which  allowed 
for  more  defined  corneal  incisions  and  decreased 
thermal  damage  [2,3,8-12]. 

In  this  study,  we  sought  to  investigate  the  corneal 
cutting  characteristics  of  serial  mid-infrared 


•  •  «.r*.  •  '* !  '  * « *  - 

2.94  pm;  5  mJ  3.90  pm;  5  mJ  4.00  pm;  10  mJ 


5.00  pm;  5  mJ  5.80  pm;  5  mJ  6.00  pm;  10  mJ 


Fig.  1.  Representative  photomicrographs  demonstrating  the  variability  in  cutting  and  collateral  damage  at  serial  wavelengths  and 
differing  energies.  Note  the  intensely  staining  (hypereosinophilic)  regions  of  collateral  damage  surrounding  the  ablation  zone. 
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wavelengths  as  generated  by  the  free  electron  laser 
at  Duke  University.  Dimensions  of  ablation  and 
extent  of  collateral  damage  were  systematically 
evaluated  in  an  ex  vivo  model. 


2.  Methods 

Mark  III  FEL  generated  wavelengths  between 
2.94  and  6.7  jim  were  delivered  in  serial  0.1  Jim 


Table  1 

Table  comparing  diameter  and  depth  of  ablation  to  collateral  damage  for  serial  infrared  wavelengths 


Wavelength  (pm) 

Ablation  diameter  (pm) 

Ablation  depth  (pm) 

Collateral  damage  (pm) 

(A)  Energy  =  5  mj 

2.94 

27 

141 

15 

3.90 

130 

56 

135 

4.00 

193 

63 

24 

4.40 

81 

299 

52 

4.50 

94 

220 

25 

4.80 

159 

165 

49 

4.90 

106 

40 

117 

5.00 

299 

262 

44 

5.10 

90 

232 

30 

5.30 

92 

207 

25 

5.40 

79 

276 

20 

5.50 

237 

199 

26 

5.60 

95 

209 

13 

5.80 

94 

61 

34 

6.00 

85 

42 

13 

6.10 

86 

144 

13 

6.20 

198 

102 

15 

6.30 

122 

228 

13 

6.45 

208 

118 

18 

6.70 

162 

142 

18 

(B)  Energy  =  10  mJ 

3.10 

105 

111 

30 

3.20 

86 

384 

34 

3.90 

159 

44 

120 

4.00 

234 

59 

104 

4.40 

93 

208 

73 

4.50 

146 

280 

36 

4.80 

124 

340 

116 

4.90 

146 

174 

74 

5.00 

180 

208 

44 

5.10 

179 

213 

42 

5.20 

126 

216 

35 

5.30 

226 

295 

69 

5.40 

244 

222 

45 

5.50 

86 

237 

17 

5.60 

74 

167 

13 

5.70 

184 

154 

16 

5.80 

92 

149 

40 

6.00 

256 

121 

12 

6.10 

416 

214 

13 

6.20 

419 

86 

15 

6.30 

192 

216 

12 

6.45 

277 

113 

31 
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intervals  to  the  corneas  of  freshly  enucleated  por¬ 
cine  globes.  All  globes  were  used  within  6  h  of 
harvesting  and  were  stored  in  saline-moistened 
chambers  to  retard  epithelial  desiccation.  Laser 
parameters  included  macropulse  energies  of  5  and 
10  mJ  per  pulse  (as  measured  by  a  Molectron™ 
pyro-electric  energy  detector)  with  duration  of 
4.0  ps,  frequency  of  10  Hz;  micropulse  duration  was 
1.0  ps,  with  a  frequency  of  2.8  GHz.  The  beam  was 
delivered  through  a  calcium  fluoride  (CaF2)  lens, 
and  the  tissue  was  positioned  at  the  focus  of  the 
normally  incident  beam  with  a  three-dimensional 
translation  stage,  yielding  an  80  pm  spot  diameter. 
Number  of  macropulses  delivered  equaled  4  in  all 
data  presented,  and  a  minimum  of  5  ablations  were 
performed  at  each  wavelength. 

Treated  globes  were  immediately  fixed  in  3.7% 
phosphate-buffered  neutral  formaldehyde  for  at 
least  48  h.  Corneas  were  then  excised  and  embed¬ 
ded  in  paraffin  for  standard  hematoxylin  and  eosin 
stained  sections.  Collateral  damage  was  calcul¬ 
ated  as  the  mean  linear  distance  of  histologically 
abnormal  corneal  stroma  surrounding  ablation 


treatment  areas.  The  abnormal  stroma  was  hy- 
pereosinophilic  (demonstrated  by  increased  stain¬ 
ing  -  see  Fig.  1)  and  appeared  smudged  when 
compared  with  the  stroma  more  peripheral  to  the 
wound.  This  appearance  is  typical  of  that  resulting 
from  thermal  damage  in  vivo.  A  confocal  micro¬ 
scope  (Meridian™)  with  a  calibrated  on-screen  his¬ 
tologic  micrometer  system  was  used  to  perform  all 
measurements. 


3.  Results 

Representative  photomicrographs  that  demon¬ 
strate  the  variability  in  cutting  and  the  degree  of 
collateral  damage  resulting  from  mid-infrared  free 
electron  laser  ablation  are  presented  in  Fig.  1. 
Quantification  of  ablation  zone  dimensions  and 
collateral  damage  as  a  function  of  wavelength  is 
given  in  Table  1  and  Fig.  2. 

4.  Discussion 


Fig.  2.  Collateral  damage  as  a  function  of  serial  free  electron 
laser  mid-infrared  wavelength  (2.94-6.7  pm)  and  energy  (5  and 
10  mJ).  The  least  collateral  damage,  12-13  pm,  was  demon¬ 
strated  at  three  wavelengths:  6.0,  6.1  (amide  I  stretch),  and  6.3 
pm.  Minimal  collateral  damage  of  only  15  pm  was  also  noted  at 
2.94  (OH  stretch)  and  6.2  pm.  Slightly  greater  collateral  damage 
was  noted  at  6.45  pm  (amide  II),  as  well  as  the  5.5-5.7  pm  range, 
but  this  was  still  substantially  less  than  the  collateral  damage 
noted  at  the  other  wavelengths  tested.  Single  measurements  of 
the  most  representative  histological  sections  for  each  wave¬ 
length  are  presented. 


Our  results  demonstrate  that  the  free  electron 
laser  operating  in  the  mid-infrared  range  is  capable 
of  cutting  porcine  corneas,  although  the  depth  of 
ablation  and  the  degree  of  collateral  damage  varies 
widely  depending  on  wavelength.  In  general,  the 
best  cutting  and  the  lowest  levels  of  collateral  dam¬ 
age  occurred  at  wavelengths  near  and  correspond¬ 
ing  to  known  resonance  frequencies  of  protein 
bonds  (6.1-6.45  pm)  and  of  water  (3.0  pm).  The  least 
collateral  damage  corresponded  to  6.0,  6.1  (amide 
I  stretch),  and  6.3  pm.  Limited  collateral  effects 
were  also  noted  at  6.2  and  2.94  pm  (OH  stretch). 
Slightly  greater  collateral  damage  was  noted  at 
6.45  pm  (amide  II),  as  well  as  at  5. 5-5.7  pm,  but  this 
was  still  less  than  that  noted  at  other  wavelengths. 
These  results  are  consistent  with  those  obtained  by 
analyzing  these  investigational  ablations  three-di- 
mensionally  using  confocal  microscopy  [13]. 

With  the  development  of  widespread  commercial 
interest  in  laser  systems  for  keratorefractive  sur¬ 
gery,  resources  and  attention  have  largely  been 
diverted  from  basic  science  investigations  towards 
the  development  of  clinical  delivery  systems  suit¬ 
able  for  human  application.  Yet,  many  technical 
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questions  still  remain,  including  the  determination 
of  optimal  fluence,  optimal  wavelength,  and  opti¬ 
mal  profile  of  the  newly  ablated  corneal  surface. 
The  free  electron  laser  now  provides  the  ideal  re¬ 
search  laser  system  to  answer  these  questions. 

Previous  free  electron  laser  corneal  studies  have 
provided  significant  information  with  gelatin  [14], 
ex  vivo  porcine  corneas  [13,15-19],  and  cadaveric 
human  corneas  [20].  However,  it  is  important  to 
stress  that  loss  of  corneal  tear  film,  alterations  in 
corneal  hydration,  absence  of  dynamic  physiology, 
inconstant  intraocular  pressure,  disrupted  aqueous 
metabolism,  and  lack  of  dynamic  wound  healing 
processes  may  lead  to  results  significantly  different 
from  in  vivo  corneal  investigations.  This  ex  vivo 
tissue-dependent  variability  was  particularly  evid¬ 
enced  by  some  of  the  higher  energy  levels  in  this 
study,  yielding  some  unanticipated  ablation  depths 
not  predicted  by  theoretical  considerations.  There¬ 
fore,  future  laser-corneal  studies  ideally  should  be 
performed  on  in  vivo  systems,  using  an  animal  with 
a  cornea  that  histologically  resembles  that  of  the 
human. 

Our  results  suggest  that  select  mid-infrared 
wavelengths  have  potential  for  keratorefractive 
surgery  and  warrant  additional  study.  Further¬ 
more,  the  free  electron  laser’s  ability  to  allow 
parameter  adjustment  in  the  far-ultraviolet  spec¬ 
trum,  where  current  clinical  systems  operate,  may 
provide  unprecedented  insights  toward  establish¬ 
ing  the  gold-standard  parameters  for  laser  vision 
correction  surgery. 
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Abstract 

Introduction.  Previous  studies  with  the  free  electron  laser  have  only  assessed  the  corneal  tissue  response  in  ex  vivo 
models.  This  is  the  first  free  electron  laser  investigation  that  has  examined  the  clinical  and  histologic  response  of  the 
cornea  in  vivo.  Methods.  The  Mark  III  free  electron  laser  was  tuned  to  2.94  pm  for  a  total  of  212  separate  in  vivo  1  mm 
spot  ablations  at  varied  fluences  (0.4-2.04  J/cm2),  repetition  rates  (1-15  Hz),  and  number  of  pulses  (1-32).  Also,  22 
separate  in  vivo  central  scanning  patterns  were  performed.  Results.  For  the  in  vivo  chicken  cornea,  the  threshold  of 
ablation  is  approximately  0.64  J/cm2  at  a  repetition  rate  of  10  Hz.  Clinical  biomicroscopy  and  light  microscopy  revealed 
parameter-dependent  collateral  damage  (10-40  pm)  induced  by  laser  energy.  Wound  healing  following  free  electron  laser 
ablation  exhibits  patterns  similar  to  those  seen  in  excimer  laser  anterior  keratectomy,  including  increased  epithelial 
thickness,  new  collagen  deposition,  increased  numbers  of  keratocytes,  and  patterns  congruent  with  attempted  profiles  of 
myopic  ablation.  Conclusions.  With  further  study,  continued  parameter  adjustment,  and  refined  delivery  schemes,  the 
potential  for  marked  improvement  and  possible  application  appears  promising.  ©  1999  Elsevier  Science  B  Y.  All  rights 
reserved. 

PACS:  87.50.Hj;  41.60.Cr;  87.90.  -{-  y 

Keywords:  Free  electron  laser;  Infrared  laser;  Photorefractive  keratectomy;  Cornea;  Collateral  damage;  Wound  healing 


1.  Introduction 

Depth  of  tissue  penetration  is  an  important  char¬ 
acteristic  of  lasers  that  may  be  suited  for  vision 
correction  surgery.  Recently,  most  attention  has 
focused  on  the  FDA-approved  argon-fluoride  ex- 
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cimer  laser,  which  employs  an  ultraviolet  wave¬ 
length  of  193  nm  and  has  a  penetration  depth  of 
2-3  pm  [1].  However,  the  infrared  erbium :YAG 
(Er:  YAG)  laser,  at  2.94  pm,  has  a  penetration  depth 
of  only  0.75  pm  [1].  Laser  corneal  ablation  at 
2.94  pm  has  therefore  been  investigated  because  of 
its  potential  accuracy  for  tissue  removal  and  the 
possibility  that  it  may  minimize  detrimental  aspects 
of  wound  healing,  such  as  corneal  haze  [2-6]. 

Previous  studies  with  the  free  electron  laser  have 
only  assessed  the  corneal  tissue  response  in  ex  vivo 
models  [7-13].  This  is  the  first  free  electron  laser 


0168-9002/99/$- see  front  matter  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 
PII:  S0168-9 00 2 (9 9)00155-2 


W.C.  Fowler  et  al.  /  Nuclear  Instruments  and  Methods  in  Physics  Research  A  429  (1999)  502-506 


503 


investigation  that  has  examined  the  clinical  and 
histologic  response  of  the  cornea  in  vivo. 

2.  Methods 

The  Mark  III  free  electron  laser  at  Duke  Univer¬ 
sity  was  tuned  to  the  mid-infrared  wavelength  of 
2.94  pm  for  all  laser  applications  in  this  study  and 
was  operated  in  accordance  with  University  radi¬ 
ation  safety  guidelines.  White  leghorn  chickens 
(Gallus  gallus)  were  used  for  the  laser  experiments 
and  were  anesthetized  with  an  intramuscular  injec¬ 
tion  of  2  mg/kg  ketamine/xylazine  (advanced  to 
6  mg/kg  as  needed  based  on  clinical  observations) 
and  topical  instillation  of  0.5%  proparacaine  hy¬ 
drochloride.  Immediately  prior  to  each  laser  treat¬ 
ment,  the  corneal  epithelium  of  the  right  eyes  were 
mechanically  debrided  over  the  intended  treatment 
zone,  and  a  total  of  212  separate  in  vivo  1  mm  spot 
ablations  were  performed  at  varied  fluences 
(0.4-2.04  J/cm2),  repetition  rates  (1-15  Hz),  and 
number  of  pulses  (1-32).  Average  macropulse  dura¬ 
tion  was  1.3  ps  (range  0.5-1. 6  ps)  and  consisted  of 
a  train  of  1.0  ps  micropulses  at  a  2.9  GHz  repetition 
rate.  Additionally,  22  separate  in  vivo  central  cor¬ 


neal  scanning  ablations  (Fig.  1)  were  performed. 
These  refractive  scanning  ablations  were  designed 
to  simulate  the  excisional  flattening  profile  used 
clinically  to  correct  myopia  by  removing  the 
greatest  amount  of  tissue  over  the  central  treatment 
zone.  Wound  healing  was  studied  through  clinical 
biomicroscopic  assessments  from  0  to  6  months 
post-operatively  and  documented  photographi¬ 
cally.  For  histologic  analysis,  the  chickens  were 
euthanized  post-operatively  by  C02  asphyxiation 
or  by  intravenous  injection  of  Euthasol  (1  ml/10  lb). 
The  globes  were  immediately  enucleated  and  fixed 
in  3.7%  phosphate-buffered  neutral  formaldehyde. 
All  animals  were  handled  and  housed  in  accord¬ 
ance  with  animal  care  and  use  guidelines,  as  ap¬ 
proved  by  the  Duke  University  Institutional 
Animal  Care  and  Use  Committee  and  the  North 
Carolina  State  University  Division  of  Poultry 
Science. 


3.  Results 

For  the  in  vivo  chicken  cornea,  linear  regression 
analysis  demonstrated  the  approximate  thres¬ 
hold  of  ablation  to  be  0.64  J/cm2  at  a  macropulse 


Fig.  1.  Scanning  algorithm  to  generate  a  5  mm  refractive  ablation  zone.  Myopic  correction  is  simulated  by  removing  more  tissue 
centrally  than  peripherally.  (A)  The  1  mm  laser  spot  with  15  Hz  frequency  is  translated  at  15  mm/s  in  the  two  patterns  shown  by  the 
arrows.  (B)  The  resultant  3  mm  zone  is  combined  with  similar  zones  of  varied  diameters  (5, 4, 2,  and  1  mm)  to  create  the  tapered  profile, 
as  shown  in  (C). 
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Fig.  2.  (A)  Ablation  rate  as  a  function  of  fluence  for  the  free  electron  laser  at  2.94  pm  and  10  Hz.  Linear  regression  analysis  yields  an 
approximate  ablation  threshold  of  0.64  J/cm2.  Error  bars  indicate  standard  error  of  the  mean.  (B)  Diagrammatic  representation 
depicting  the  relationship  of  frequency  to  ablation  rate  as  a  function  of  fluence.  The  linear  regressions  were  calculated  from  8, 20,  and  12 
values  for  1,  10,  and  15  Hz,  respectively. 


repetition  rate  of  10  Hz  (Fig.  2A).  The  rate  of 
ablation  as  a  function  of  fluence  for  various  macro¬ 
pulse  repetition  rates  is  shown  in  Fig.  2B.  Our 
results  suggested  possible  decreased  ablation  thre¬ 
shold  with  increased  repetition  rates. 

Clinical  biomicroscopy  revealed  increased  laser- 
related  collateral  damage  with  increasing  depth  of 
ablation  (increased  number  of  pulses),  pulse  dura¬ 
tion,  fluence  >1.2  J/cm2,  and  repetition  rates 
>10  Hz.  Histologic  analysis  confirmed  the  ob¬ 
served  collateral  damage  (Fig.  3).  The  collateral 
damage  was  manifested  histologically  as  hy- 
pereosinophilic  stroma  with  loss  of  the  normal 
lamellar  architecture.  The  appearance  of  the  collat¬ 
eral  damage  resembled  thermal  damage  observed  in 
connective  tissue  in  other  body  sites.  On  average,  the 
collateral  damage  approximation  ranged  from  10  to 
40  pm.  The  greatest  collateral  damage  was  noted  at 
the  most  superficial  regions  of  the  ablation  site,  and 
the  least  collateral  damage  was  noted  at  the  base. 

Average  time  to  reepithelialization  after  laser 
keratectomy  was  3  to  4  days.  Post-operative  clini¬ 
cal  biomicroscopic  haze  peaked  between  2  and 
4  weeks,  and  marked  clearing  was  observed  by  4-6 
months  (Fig.  4).  Histologic  examination  at  2  months 
revealed  increased  epithelial  thickness  over  the  site 
of  laser  surgery,  new  collagen  deposition,  increased 
numbers  of  keratocytes,  and  patterns  congruent 
with  the  attempted  profiles  of  myopic  ablation 
(Fig.  5). 


Fig.  3.  Histologic  section  of  in  vivo  corneal  tissue  following 
varied  depths  free  electron  laser  ablation  at  2.94  pm.  Hy- 
pereosinophilic  regions  demonstrate  collateral  damage  around 
ablation  zones.  Note  decreased  collateral  damage  at  base  rela¬ 
tive  to  superficial  regions.  Fluence  =  1.53  J/cm2,  frequency 
=  10  Hz,  number  of  pulses  =  16;  original  magnification  x  130. 


4.  Discussion 

This  study  reports  the  first  in  vivo  investigation 
of  the  free  electron  laser  for  refractive  corneal  sur¬ 
gery  application.  The  infrared  wavelength  of 
2.94  pm  was  targeted  for  this  investigation  because 
of  several  important  associated  advantages.  First 
of  all,  the  cornea  has  an  absorption  peak  at  this 
wavelength.  Secondly,  there  is  a  very  limited 
depth  of  penetration  affording  the  possibility  of 
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Fig.  4.  Serial  time-point  photographs  depicting  clinical  biomic- 
roscopic  haze  following  treatment  by  the  free  electron  laser  at 
2.94  pm  using  a  myopic  ablation  profile.  (A)  Normal  (untreated) 
chicken  cornea.  (B)  Cornea  2  hours  post-operative.  Note  central 
scanning  pattern  in  deepithelialized  zone.  (C-E).  Clinical  bio- 
microscopic  haze  at  2, 4,  and  10  weeks,  respectively.  Note  central 
corneal  haze  development  and  regression  over  time. 


controlled  excision.  In  addition,  infrared  wave¬ 
lengths  are  transmissible  through  fiber  optics  and 
lack  the  mutagenic  potential  associated  with  ultra¬ 
violet  radiation  [1,14].  Finally,  the  Er:YAG  laser  at 
2.94  pm  has  been  suggested  as  a  potential  alterna¬ 
tive  to  the  excimer  laser  for  photorefractive 
keratectomy  because  it  produces  a  similar  corneal 
wound  healing  response  [6,15]. 

Our  results  demonstrated  that  the  Mark  III  free 
electron  laser  can  be  utilized  at  2.94  pm  to  ablate 
the  chicken  cornea  and  that  the  amount  of  biomic- 
roscopic  corneal  haze  compares  favorably  with  the 
corneal  haze  noted  with  early  excimer  laser  sys¬ 
tems.  Those  early  systems  lacked  ideal  beam 
homogenization,  and  their  refractive  delivery  algo¬ 
rithms  were  crude  [1].  Furthermore,  it  is  not  sur¬ 
prising  that  the  amount  of  biomicroscopic  corneal 
haze  created  by  this  first  refractive  application  of 
the  free  electron  laser  is  greater  than  that  created  by 
the  current  FDA-approved  excimer  laser  systems 
in  this  model  [unpublished  data,  manuscript  in 
preparation]. 

Continued  parameter  refinement  will  be  essential 
for  future  investigations.  Based  on  our  results,  these 
should  be  optimized  with  fluences  slightly  above 


B 

Fig.  5.  Histologic  cross  sections  of  corneal  tissue  following 
a  myopic  refractive  scanning  ablation  with  2.94  pm  free  electron 
laser.  (A)  Note  anterior  stromal  collagen  deposition  and  hyper- 
cellularity  (increased  numbers  of  keratocytes).  (B)  Lower  magni¬ 
fication  view  demonstrating  tapered  profile  of  ablation  and 
wound  healing.  Section  taken  2  months  post-operative.  Original 
magnification  of  A:  x  170,  B:  x  52. 


threshold  (0.8-1.0  J/cm2),  with  frequencies  from 
1  to  10  Hz,  and  with  shortened  pulse  duration 
( <  500  ns),  where  there  is  less  biomicroscopic  haze 
and  decreased  thermal-related  changes. 

Additionally,  the  corneal  reprofiling  algorithms 
for  the  refractive  scanning  ablations  were  a  signifi¬ 
cant  limitation  in  this  study.  The  treatment 
transition  zones  were  too  abrupt,  and  the  regions  of 
overlapping  ablations  were  not  optimally  blended. 
This  resulted  in  excess  collateral  damage  and  a  very 
uneven  bed  of  refractive  ablation.  Considerable  re¬ 
finement  should  improve  the  smoothness  of  the 
treated  corneal  surface  and  decrease  clinical  haze 
associated  with  the  related  corneal  wound  healing 
response. 

In  conclusion,  with  further  study,  continued 
parameter  adjustment,  and  refined  delivery  schemes, 
the  potential  for  marked  improvement  and  possible 
application  appears  promising. 
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Abstract 

The  possibility  of  highly  efficient  parametric  amplifications  of  the  power  coupled  out  of  an  X-Band 
microwave  cavity  resonator  is  discussed.  This  paper  presents  the  effect  of  using  a  short  circuit 
waveguide,  connected  into  24dB  coupler,  on  the  output  power.  The  variation  of  the  spontaneous 
emission  output  power,  with  and  without  the  short  circuit  section,  at  various  operating  beam  voltages, 
ranging  from  40kV  to  60kV  are  reported. 


1.  Introduction 

The  FEM  research  program,  for  the  production 
of  industrial  FEM’s,  has  been  going  for  several 
years  at  the  University  of  Liverpool.  Compact, 
low  voltage  <  80  kV,  FEM  prototypes  have 
been  developed  as,  an  amplifier  using  a 
microwave  pre-buncher  technique  [1,2]  in  CW 
mode,  and  as  an  oscillator  (under  construction) 
in  pulsed  mode.  The  operating  frequency  is  in 
the  range  between  8  to  12GHz,  and  is 
dependent  upon  the  wiggler  cavity  resonator. 
The  design  target  for  these  FEM’s  is  the 
generation  of  high  power  [3]  for  industrial 
applications.  The  CW  pre-buncher  FEM  is 
being  constructed  and  tested  in  order  to 
examine  the  physics  of  a  high  Q  factor  for  an 
X-band  microwave  buncher  and  to  act  as  a  test 
bed  for  new  ideas  and  techniques.  The 
complete  schematic  diagram  of  this  system  is 
shown  in  Fig.  1.  The  thermionic  electron  gun 
is  mounted  inside  the  high  voltage  terminal 


Fig.  1:  A  Compact  FEM  system  for  industrial 
applications. 


with  a  deliverable  current  >  5mA.  The  wiggler 
magnet  consists  of  30  periods  of  NdFeB  bars 
with  a  19mm  wiggler  period.  The  electron 
beam,  which  has  a  2mm  (nominal)  diameter,  is 
transported  down  the  wiggler  magnet  through 
a  cavity  resonator.  This  cavity  is  designed 
from  an  X-band  waveguide  with  internal 
dimensions,  a=22.86mm  and  b=10.16mm.  The 
total  length  of  the  cavity  is  600mm  and  it  is 
short-circuited  at  each  end  by  two  7mm  thick 
irises,  with  a  9mm  diameter  aperture.  A  24dB 
cross  coupler  was  placed  at  about  1/4  Xg  from 
the  entrance  section  of  the  cavity.  The  required 
power  was  coupled  out  from  one  end  of  this 
coupler  with  the  other  end  connected  to  a  short 
circuit,  or  terminated  by  a  matched  load.  At  the 
exit  of  the  wiggler  cavity  the  electron  beam 
was  collected  using  either  a  water-cooled  beam 
dump  or  an  energy  recovery  section. 


To  fhert 
circuit  t 

t 

vacuum  flang© 

>  i 

H 

cavity  resonator 

\ 

P»t<a) 

1  V? 

P 

Port  (!) 

|X 

/  Pori  (1) 

Tothcrl 

cira,l  2  - 

microwave  input  power  _ 

s 

8 

s.y 

i 

Port  (4) 

L 

% 

46  nn 

H 

...71  L. 

i—  =i 

Fig.  2:  An  X-band  cross  coupler 
In  this  paper,  we  discuss  the  X-band  cross 
coupler,  and  the  effect  the  connection  of  an  X- 
band  short-circuited  section  has  on  the  output 
power. 
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2.  Cavity  resonator  with  a  cross  coupler 
Figs.  1  and  2  show  the  set  up  of  the  cavity  and 
the  cross  coupler  within  the  FEM  system 
layout.  For  this  test,  port  2  of  the  cross  coupler 
was  connected  to  a  short  circuit,  port  3  was 
connected  to  a  resonant  cavity,  and  port  4  was 
connected  to  a  matched  power  sensor. 


Fig.  3:  Power  coupled  out  of  an  FEM. 

Fig.  3  shows  an  experimental  measurement  of 
the  power  coupled  out  by  the  24dB  coupler  vs. 
the  short  circuit  plunger  position  at  8.32GHz, 
with  a  synchronous  voltage  of  47.5kV  and  a 
0.5mA  beam  current.  The  power  data  was 
remotely  collected  for  every  0.5mm  movement 
of  the  plunger.  Once  again  the  results  were  in 
good  agreement  with  the  theory.  Several  tests 
at  different  FEM  operating  settings  (beam 
voltage,  beam  current  and  frequency)  have 
been  carried  out  and  similar  results  are 
achieved.  Further  investigations,  using  a 
matched  load  instead  of  a  short  circuit,  were 
performed,  and  the  results  can  be  explained  as 
follows: 

(a)To  obtain  a  clear  comparison  between  the 
use  of  a  short  circuit  or  a  matched  load,  an 
experimental  set  up  to  measure  the 
spontaneous  power  has  been  created,  with  an 
FEM  operating  at  a  voltage  of  50.5  kV  at  9.07 
GHz  with  a  beam  current  of  0.5mA.  For  the 
first  test,  a  short  circuit  was  connected  to  the 
cross  coupler,  then  the  test  was  repeated  with  a 
matched  load  (a  section  of  an  X-band  cavity 
with  a  tapered  ferrite  inside). 


Fig.  4:  Spontaneous  power  vs.  FEM  beam 
Fig.  4  shows  some  interesting  results  for  the 


FEM  operating  voltages,  varying  from  44  to 
56kV.  The  effects  of  adding  a  short  circuit  to 
the  FEM  cavity  arrangements  is  clearly  shown, 
particularly  at  50.5kV,  where  the  maximum 
power  coupled  was  llOOpW.  By  comparison, 
when  the  matched  load  was  used,  the 
maximum  power  coupled  out  was  330pW. 


Beam  currents  mA,  Freq=3.07  GHz,  \s19mm,  WG=X-Band  Bw=170  G 


Fig.  5:  Spontaneous  power  vs.  FEM  operating 
voltage  with  straight  WG  and  WG  with  a  cross 
coupler. 


(b)  The  same  settings  of  (a)  were  used  but  this 
time  the  output  power  was  measured  against 
the  beam  current.  The  results  obtained  and 
show  once  again  that  the  power  coupled  out,  in 
the  case  of  the  short  circuit,  was  much  higher 
than  when  the  matched  load  was  used,  3.4 
times  higher,  for  example,  at  1mA  beam 
current. 

3.  Cavity  resonator  without  a  cross  coupler 
A  section  of  a  straight  cavity,  without  a  cross 
coupler,  which  had  a  resonance  the  same  as 
that  in  the  buncher  cavity,  was  used.  Fig.  5 
shows  the  spontaneous  emission  power  using 
the  previous  operating  parameters,  which  was 
5  times  less  than  when  the  cross  coupler  cavity 
was  used. 

4.  Conclusions 

This  paper  clearly  demonstrates  the  benefit  of 
using  a  short  circuit  section,  connected  to  a 
cross  coupler  on  a  cavity  resonator.  The  results 
show  that  the  power  coupled  out  when  a  short 
circuit  was  used,  was  3.4  times  higher  than  for 
the  matched  load  case,  and  about  5  times 
higher  than  when  a  straight  cavity  resonator 
was  used. 
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1.  Introduction 

This  paper  describes  the  effects  of  the  onset  of  the 
sidebands  on  the  wiggler  extraction  and  laser  effi¬ 
ciency,  for  the  1  kW  visible  FEL  that  is  being  built 
at  the  Boeing  FEL  laboratory  in  Seattle  [1,2]. 

A  state-of-the-art,  three  dimensional,  time  depend¬ 
ent  code  has  been  used  to  simulate  in  detail  the  effects 
of  sidebands  on  the  performance  of  the  1  kW  visible 
FEL.  The  results  of  the  calculations  indicate  that 
sideband  suppression  greatly  increases  the  extraction 
efficiency  at  high  wiggler  energy  tapers. 

The  calculations  have  been  performed  with  the 
Boeing  version  of  the  LANL-developed  FELEX,  a 
fully  three-dimensional  time  dependent  code  [3].  This 
is  the  first  time  that  the  sidebands  effects  have  been 
numerically  investigated  in  detail  with  a  fully  three- 
dimensional  and  time  dependent  code. 

We  use  the  electron  beam  parameters  for  the  Boe¬ 
ing  1  kW  visible  FEL  (see  Section  2).  When  the 
wiggler  energy  taper  is  set  at  8%,  the  pass-averaged 
laser  extraction  efficiency  t\l ,  is  4.64%,  if  we  neglect 
finite  electron  pulse  length  effects  and  the  onset  cf 
sidebands.  The  finite  pulse  length  effects  reduce  rjL  to 
2.40%.  If  the  sidebands  are  not  suppressed  (free  run¬ 
ning  case)  by  the  use  of  an  appropriate  optical  ele¬ 
ment,  7] l  is  further  reduced  to  1.0  %.  When  the 
wiggler  taper  is  reduced  from  8  to  5%,  T)l  is  1.21% 
for  a  free  running  case.  This  indicates  that  in  the  pa¬ 
rameter  region  of  our  design,  for  a  free  running  case,  a 
weaker  taper  yields  a  better  performance. 
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In  the  rest  of  this  paper  we  will  distinguish  be¬ 
tween  the  laser  extraction  efficiency  t]l  and  wiggler 
extraction  efficiency  7]#.  The  relationship  between  r\L 
and  rjw  is: 

„  =  1-*  n 

nL  1-R(\-Lt)Vw’ 

Here  LT  is  the  total  resonator  loss  and  R  the  output- 
coupler  reflectivity. 

TTie  added  diffraction  losses  at  the  leading  and  trail¬ 
ing  edges  of  the  optical  pulse,  due  to  lack  of  gain 
guidance  of  the  optical  beam,  increase  LT  thus  de¬ 
creasing  the  7]iJt]w  ratio.  In  this  paper  the  laser  and 
wiggler  extraction  efficiency  are  averaged  over  the  to¬ 
tal  number  of  micropulses  for  which  the  simulation 
has  been  performed.  In  this  way  the  start  up  effects  are 
appropriately  accounted  for. 

2.  Simulation  results 

Free  electron  laser  sidebands  are  generated  through 
the  modulation  of  the  optical  field  by  synchrotron  os¬ 
cillations  [4,5].  They  have  been  widely  analyzed  in 
the  literature  in  the  absence  of  diffraction  effects;  we 
will  not  review  all  the  existing  work  here. 

The  current  pulse  is  a  super-Gaussian  of  exponent  6 
with  10.  ps  FWHM.  The  electron  pulse  peak  current 
is  250  A.  The  rms  normalized  x-emittance  and  y- 
emittance  were  15.0  u  and  6.25  n  mm-mrad  respec¬ 
tively.  The  e-beam  normalized  energy  is  y  = 
186.91.  The  optical  cavity  mirror  losses  are  4.5% 
and  output-coupling  fraction  is  25%.  The  Rayleigh 
range  is  500  cm,  the  small  signal  gain  of  the  order  cf 
10,  the  laser  wavelength  is  0.80  pm  The  wiggler 
peak  field  is  8.689kG  and  the  wiggler  pitch  is  2.18 
cm.  The  wiggler  energy  taper  varies  between  8  and 
5%. 

In  Fig.  1  the  results  of  a  run  with  5%  energy  taper 
and  free  running  are  compared  to  8%  energy  taper, 
with  sidebands  control  and  free  running.  The  lower 
energy  taper  provides  higher  r}w  (1.91%)  than  the 
higher  taper  when  the  laser  is  free  running  (1.58%). 
Both  cases  show  a  decrease  in  rfw  with  increasing 
pass  number  as  the  pulse  width  broadens.  The  5% 
energy  taper  has  similar  micropulse  wiggler  extrac- 


tion  efficiency  to  the  8%  case,  but  with  more  constant 
output  as  function  of  the  pass  number  and  a  more 
rapid  start  up.  In  the  presence  of  sidebands  control  the 
8%  taper  yields  7]w  =  2.89  %. 


[5]  ‘Classical  Free  electron  laser  theory’  W  B  Col¬ 
son  in  ‘Laser  Handbook,  Free  Electron  Lasers’.  Eds. 
W  B  Colson,  c  Pellegrini,  A  Ranieri,  North  Holland 
1990 


Figure  1.  Micropulse  wiggler  extraction  efficiency  as 
function  of  the  pass  number.  Free  running,  5.0%  energy 
taper,  pass  average  efficiency  1.91  %  is  medium  heavy 
dashed  line  (— ).  Sidebands  control  8%  energy  taper, 
pass  average  efficiency  2.89%  is  light  solid  line  (-).  Free 
running,  8%  energy  taper,  pass  average  efficiency  1.58  % 
is  heavy  solid  line  (-). 

Finally,  in  Figure  2  rji  is  computed  from  the  data 
of  Figure  1.  The  pass  averaged  laser  efficiency  tjl  is 
2.40%  with  8%  wiggler  energy  taper  and  sidebands 
control  (down  from  rf„  =  2.89%)  and  1.21  %  with 
5%  wiggler  energy  taper  and  free  running  (down  from 
T}w  =  1.91%). 


Figure  2.  Micropulse  laser  extraction  efficiency  as  func¬ 
tion  of  the  pass  number.  Free  running,  5.0%  energy  taper, 
pass  average  efficiency  1.21  %  is  light  dashed  line  (— ). 
Sidebands  control  8.0%  energy  taper,  pass  averaged  effi¬ 
ciency  2.40%  is  heavy  solid  line  (-). 
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Abstract 

In  support  of  the  Navy’s  requirement  for  an  anti-ship  cruise  missile  defense  system,  Thomas  Jefferson  National 
Accelerator  Facility  (TJNAF)  is  constructing  the  first  kW  FEL  with  a  goal  of  improving  the  design  to  20  kW.  The  20 
kW  design  proposes  to  use  a  klystron  undulator  to  improve  gain  in  weak  optical  fields.  Simulations  compare  the 
performance  of  the  conventional  undulator  with  a  variety  of  klystron  undulators. 


The  US  Navy  is  continuing  to  conduct  research 
to  improve  surface  ship  self-defense  against  anti-ship 
cruise  missiles  (ASCM’s).  One  method  currently  under 
consideration  uses  a  High  Power  Directed  Energy  Beam 
produced  by  a  Free  Electron  Laser  (FEL)  [1]. 

To  support  this  objective  Thomas  Jefferson 
National  Accelerator  Facility  (TJNAF)  is  constructing  the 
first  kilowatt  FEL,  with  a  goal  of  improving  the 
performance  to  20  kW.  TJNAF’ s  design  includes  the  use 
of  a  klystron  undulaioi  .mprove  gain  in  weak  optical 
fields.  This  paper  discusses  the  results  from  simulations 
comparing  the  performance  of  the  conventional  undulator 
with  a  variety  of  klystron  undulators. 

Two  of  the  goals  ^f  the  TJNAF  FEL  are  to 
achieve  an  output  power  oi  20  kW  at  the  target  while 
maintaining  a  final  energy  spread  of  6  percent  or  less  to 
ensure  proper  recirculation  of  the  electrons  through  the 
accelerator.  The  simulations  varied  dispersive  section 
strengths  D  of  the  klystron  undulator,  and  varied 
desynchronism  values  d  between  the  optical  and  electron 
pulses,  in  order  to  compare  gain  G,  final  power  P,  and 
final  electron  energy  spread  Ay/y  [3]. 

Gain:  Simulations  were  conducted  for  values  of 
dispersive  strength  of  D  =  0,  1,  2,  and  3,  with  D  -  0 
representing  the  conventional  undulator.  The 
desynchronism  between  the  sequence  of  electron  pulses 
and  the  stored  optical  pulse  was  varied  from  d  -  0.0  to 
0.3  with  a  step  size  of  0.02.  Figure  (1)  shows  the  results 
of  the  simulations.  The  conventional  undulator  achieved 
a  maximum  gain  of  G  =  0.2,  occurring  at  a 
desynchronism  value  of  d  =  0.03.  A  maximum  steady- 
state  gain  of  G  =  0.67  was  observed  with  the  klystron 
undulator  using  a  dispersive  strength  of  D  =  2  and  a 
desynchronism  value  of  d  =  0. 1 1 . 


Figure  1 .  Steady  State  Gain 

Power:  The  resulting  final  average  power  for  the 

klystron  undulator  are  shown  in  figure  (2).  Though  not 
included  on  this  graph,  the  conventional  undulator  using 
a  desynchronism  value  of  d  =  0.007  achieved  a  final 
average  power  14  times  greater  than  the  maximum 
klystron  undulator  power  with  a  dispersive  strength  of  D 
-  1 .  Much  lower  final  power  levels  were  observed  for 
the  klystron  undulator  using  stronger  dispersive  strengths 
ofD  =  2  and  3. 


Figure  2.  Final  Power  for  D=  1,2,  and  3. 


Energy  Spread:  It  is  estimated  that  the  TJNAF  20  kW 
FEL  design  can  tolerate  a  final  energy  spread  of  6  %  in 
order  to  recirculate  the  electron  beam.  Figure  (3)  shows 
a  plot  of  the  fractional  energy  spread  of  the  electrons 
versus  the  desynchronism.  For  the  conventional 
undulator,  the  energy  spread  peaks  at  Ay/y  =  8.6  %  at  d- 
0.007,  which  also  corresponds  to  the  point  of  maximum 
gain  for  this  undulator.  The  energy  spread  decreases  with 
increased  desynchronism,  reaching  the  desired  value  of 
6%  at  d  =  0.03,  and  remains  below  the  6  %  level  for  all 
values  of  d  greater  than  0.03.  This  corresponds  to  a  final 
power  level  of  20  kW  for  the  conventional  undulator 
design.  For  the  klystron  undulator  design  the  energy 
spread  is  maximum  at  Ay/y-  5  %  at  d  =  0.003.  In 
klystrons  of  strength  D  =  2  and  3,  the  energy  spread  is 
approximately  a  constant  2  %. 


Fractional  Spread  in  Energy  vs  Desynchronism. 


Figure  3.  Energy  Spread  vs.  d. 


Conclusions:  The  purpose  of  these  simulations  was  to 
quantify  the  behaviors  of  steady-state  gain,  final  average 
power,  and  induced  energy  spread  as  functions  of 
desynchronism  d  and  klystron  dispersive  strength  D,  for 
the  proposed  20  kW  klystron  free  electron  laser.  The 
two  major  design  goals  are  an  average  optical  power  of 
20  kW  while  maintaining  a  final  energy  spread  of  6%  or 
less. 

Gain  is  maximum  at  d=  0.03  in  the  conventional 
undulator,  and  at  d  -  0.11  for  klystron  undulators  of 
strength  D  =  1,2,  and  3.  The  gain  increases  with  the 
dispersive  strength  up  to  an  optimal  value  of  D  =  2. 
Further  increases  in  D  result  in  diminishing  gain  because 
of  beam  quality.  A  klystron  with  strength  D  ~  2  provides 
30  %  more  gain  than  D  =  1,  and  70  %  more  than  a 
conventional  undulator. 


The  conventional  undulator  provides  14  times  as 
much  power  as  a  klystron  with  D  =  1.  For  D  =  1,  the 
peak  power  occurs  at  d  =  0.17,  and  falls  off  rapidly  to 
zero  at  d  =  0.25.  For  D-2  and  3,  the  FEL's  power  peaks 
at  d  =  0.01,  and  then  gradually  declines  to  zero  at  d~  0.3. 
The  resultant  energy  spread  is  2  %  for  D  -  2  and  3  for  all 
values  of  desynchronism.  The  energy  spread  exceeds  the 
design  goal  of  6  %  for  the  conventional  undulator  only 
within  the  range  of  d=  0.01  to  d-  0.03. 

Based  on  the  above  simulation  results  it  appears 
that  the  optimum  configuration  is  to  use  a  conventional 
undulator  with  a  desynchronism  value  of  d  -  0.03.  The 
final  power  with  this  configuration  of  19.2  kW  is  close  to 
the  20  kW  objective  and  corresponds  to  a  final  gain  of  19 
percent. 

Acknowledgements: 

The  authors  are  grateful  for  support  from  the 
Naval  Postgraduate  School  and  the  SPA  WAR  Directed 
Energy  Office. 

References: 

[1]  A.  M.  M.  Todd,  W.  B.  Colson,  and  G.  R.  Neil, 
" Megawatt-Class  Free  Electron  Laser  Concept  for 
Shipboard  Self-Defense",  SPIE  2988,  176  (1997). 

[2]  E.  Anderson,  R.  Lyon,  W.  B.  Colson,  G.  Neil  and  S. 
Benson,  " Exploring  the  Feasibility  of  an  FEL  Naval 
Weapon  System ",  Nuclear  Instruments  and  Methods  in 
Physics  Research  A393, 11-149  (1997). 

[3]  W.  B.  Colson,  C.  Pellegrini,  and  A.  Renieri,  editors 
for  the  " Free  Electron  Laser  Handbook" ,  North-Holland 
Physics,  Elsevier  Science  Publishing  Co.  Inc.,  The 
Netherlands  (1990). 


FREE  ELECTRON  LASERS  1998 
G.R.  Neil  and  S.V.  Benson  (Eds.) 
1999  Elsevier  Science  B.V. 


II-7 


FEL  pulse  shape  measurements  with  100-fs  temporal  resolution 
using  a  10-fs  Ti: Sapphire  laser  and  differential  optical  gating 

X.  Yan*,  A.M.  MacLeod,  W.A.  Gillespie 

Division  of  applied  physics  and  materials,  School  of  Engineering,  University  of Abertay  Dundee,  Bell  Street,  Dundee  DD1 1HG,  U.K. 

G.M.H.  Knippels,  M .J.  van  de  Pol,  A.F.G.  van  der  Meer 

FOM-lnstitute  for  plasma  physics  ‘Rijnhuizen’ ,  P.O.  Box  1207,  3430  BE,  Nieuwegein,  The  Netherlands 

C.W.  Rella 

FOM-lnstitute  for  atomic  and  molecular  physics,  Kruislaan  407, 1098  SJ,  Amsterdam,  The  Netherlands 


Characterization  of  the  ultrashort  optical  and  elec¬ 
tron  pulses  produced  by  ffee-electron  lasers  (FELs)  is 
important  both  for  the  further  development  of  the  FEL  and 
for  its  operation  as  a  research  tool.  Conventional  methods 
of  characterizing  short  pulses  are  not  generally  applicable 
in  the  far  infrared.  Second  or  higher  order  autocorrelation 
techniques  become  increasingly  impractical  at  longer 
wavelengths  due  to  a  lack  of  suitable  non-linear  materials, 
and  although  a  far-infrared  streak  camera  has  recently 
been  demonstrated  on  a  FEL  with  sub-picosecond  resolu¬ 
tion,  this  is  an  expensive  solution  which  is  not  generally 
available.  Furthermore,  autocorrelation  methods  suffer 
from  the  drawback  that  the  pulse  shape  is  difficult  to  re¬ 
solve,  and  cross  correlation  of  the  FEL  pulse  with  an  ex¬ 
ternal  laser  is  beset  with  synchronization  difficulties  which 
generally  require  that  the  measurement  be  obtained  in  a 
single  shot  requiring  arrays  of  fast,  sensitive  long- 
wavelength  detectors. 

Recently,  a  simple  technique  called  differential  opti¬ 
cal  gating  (DOG)  has  been  developed,  in  which  these  syn¬ 
chronization  problems  are  considerably  reduced  [1].  It 
relies  on  a  simultaneous  measurement  of  the  sample  pulse 
intensity  at  two  closely  spaced  moments  in  time  by  cross- 
correlating  it  with  two  pulses  (one  is  delayed  with  respect 
to  another)  from  an  external  ultrafast  laser.  Provided  the 
time  delay  between  the  two  pulses  is  known,  each  two- 
pulse  measurement  allows  the  FEL  pulse  intensity  I(t0) 
and  its  time  derivative  l'(t0)  to  be  calculated  at  the  time  of 
measurement,  to,  which  is  in  principle  unknown  because  of 
the  presumed  jitter  between  the  two  lasers.  Subsequent 
measurements  produce  further  pairs  (I(t),  I'(t))  at  different 
times,  t.  These  accumulate  — either  as  the  result  of  jitter 
or  by  altering  the  delay  between  the  two  lasers  —  to  pro¬ 
vide  a  map  of  V  as  a  function  of  I,  i.e.  I'=f[I).  Integration 
of  this  equation  allows  I(t)  to  be  recovered  except  at  zeros 


offil).  Clearly,  this  technique  can  only  be  used  under  the 
assumption  that  the  sample  pulse  does  not  change  during 
the  repeatative  measurements. 


Fig.l  DOG  experimental  setup 


In  this  contribution  we  present  measurements  of  dif¬ 
ferent  FEL  pulse  shapes  obtained  on  FELIX  using  the 
DOG  technique  with  a  synchronized  10-fs  Ti: Sapphire 
laser  (FemtoSource  Pro,  Femto  Lasers,  Vienna,  Austria). 
The  measurements  were  made  at  a  wavelength  of  9  pm 
using  the  sum-frequency  generated  by  the  FEL  radiation 
and  the  800  nm  radiation  from  the  Ti:Sapphire  laser  in  a 
100-pm  thick  AgGaS2  crystal  (MolTech,  Berlin,  Ger¬ 
many).  We  have  achieved  a  temporal  resolution  of  the 
order  of  100  fs,  a  factor  of  five  improvement  over  previ¬ 
ous  results  [1].  The  resolution  could  be  improved  even 
further  by  optimizing  the  design  of  the  focussing  optics 
for  the  Ti: Sapphire  laser  and  using  thinner,  less  disper¬ 
sive,  sum-frequency  mixing  crystals.  See  Figure  1  for  the 
experimental  setup. 

We  have  studied  the  FEL  optical  pulse  shape  in  two 
important  regimes  of  operation.  First,  when  the  laser  cav¬ 
ity  is  detuned  away  from  perfect  synchronism,  relatively 
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long  FEL  pulses  are  generated.  A  typical  DOG  picture  is 
shown  in  Fig.  2(A),  and  the  reconstructed  pulse  shape  in 
Fig.  2(B).  The  leading  edge  fits  well  to  an  exponential, 
whereas  the  trailing  edge  is  fitted  by  a  Gaussian.  These 
results  are  taken  at  the  early  part  of  the  macropulse,  before 
the  formation  of  a  subpulse  sets  in.  Similar  results  were 
observed  at  the  Stanford  FEL  [1].  The  reconstructed  pulse 
is  also  in  good  agreement  with  separate  measurements  of 
the  intensity  autocorrelation  function  (1.33  ps  fwhm)  and 
the  optical  spectrum  (time-bandwidth  product  of  0.35). 


-2  0  2 
time  [ps] 


Fig.  2  Raw  DOG  data  (A)  and  reconstructed  FEL  pulse  (B)  for 
AL=-22pm,  1=9  pm. 

Under  certain  conditions  the  formation  of  subpulses, 
which  have  a  clear  signature  in  the  DOG  data,  is  seen.  An 
example  is  given  in  Fig.  3,  with  a  (preliminary)  recon¬ 
structed  micropulse  shape  shown  as  an  inset. 


-0.5  0.0  0.5  1.0  1.5  2.0 


intensity  [a.u.] 

Fig.  3  DOG  data  with  a  subloop,  indicating  the  formation  of  subpulses 
on  the  leading  edge.  A  preliminary  reconstruction  of  the  pulse  is  shown 
as  an  inset. 


In  a  second  series  of  measurements  we  focused  on 
the  shortest  possible  FEL  pulses  to  demonstrate  the  im¬ 
proved  time-resolution  of  approximately  100  fs  that  we 
obtained.  The  data  presented  here  represent  the  first  high- 
resolution  pulse  shape  measurements  of  these  ultrashort 
FEL  pulses,  and  should  provide  a  basis  for  more  stringent 
tests  of  FEL  theory  in  this  operating  regime  than  were 
previously  possible.  The  DOG  data  shown  in  Fig.  4  corre¬ 
spond  to  an  FEL  pulse  of  approximately  200  fs  fwhm  in 
duration.  Although  our  current  time  resolution  is  perhaps 
still  not  good  enough  to  resolve  the  details  of  the  pulse 
shape  fully,  we  have  fitted  it  for  illustration  purposes  with 
the  the  first  supermode  [2],  which  is  an  analytic  expres¬ 
sion  for  the  FEL  pulse  shape  at  small  values  for  the  cavity 
detuning: 

|Aj(£)|2«v  ex  p(3112  (2/v )1/3  (£-1))  sin  \n £)• 

In  this  formula,  v  and  g  are  the  (normalized)  cavity 
detuning  and  z  coordinate  respectively.  Our  fit  yields  a 
value  for  v  of  0.09,  whereas  the  calculated  value  yields  v 
«  0.03. 


time  [fs] 


Fig.  4  Reconstruction  of  a  short  FEL  pulse  taken  at  AL--I0pm  and 
X=9pm.  The  solid  line  corresponds  to  the  first  supermode  (see  text). 

Acknowledgements 

This  work  is  part  of  the  research  program  of  the 
‘Stichting  voor  Fundamenteel  Onderzoek  der  Materie 
(FOM)’,  which  is  financially  supported  by  the  ‘Neder- 
landse  Organisatie  voor  Wetenschappelijk  Onderzoek 
(NWO)\ 

References 

[1]  C.W.  Rella,  G.M.H.  Knippels,  D.V.  Palanker,  T.L  Smith,  H.A. 
Schwettman,  to  be  published  in  the  proceedings  of  the  19th  Int. 
FEL.  Conf.,  Beijing,  China,  1997;  C.W.  Rella,  G.M.H.  Knippels, 
D.V.  Palanker,  H.A.  Schwettman,  Submitted  to  Opt.  Commun. 

[2]  N.Piovella,  P.Chaix,  G.Shvets,  D.Jaroszynski,  proceedings  of  the 
17th  International  FEL  Conference,  New  York,  USA,  1995,  p,156. 


FREE  ELECTRON  LASERS  1998 
G.R.  Neil  and  S.V.  Benson  (Eds.) 
1999  Elsevier  Science  B.V. 


II-9 


Short  Micropulse  Generation  in  an  FEL  using  Modulated  Desynchronism 

Todd  I.  Smith,  Takuji  Kimura 

Stanford  Picosecond  FEL  Center,  Hansen  Experimental  Physics  Laboratory 
Stanford  University,  Stanford,  CA  94305-4085 


1.  Introduction 

During  the  past  few  years  there  has  been  much 
interest  in  the  topic  of  generating  ultra  short  FEL 
pulses  [1]— [5] .  In  this  paper  we  present  a  method  of 
producing  short  pulses  using  modulated  desynchro¬ 
nism  in  an  FEL.  At  the  Beijing  FEL  Conference  we 
reported  observing  that  the  micropulse  length  of  our 
mid-infrared  FEL  decreased  from  greater  than  one 
picosecond  to  about  350  femtoseconds  when  the  elec¬ 
tron  beam  energy  was  modulated  by  a  few  tens  of 
KeV  at  40  KHz  [6] .  These  observations  were  made  at 
a  wavelength  of  4.5  /xm  with  a  time  averaging  auto¬ 
correlator.  It  seems  quite  likely  that  they  arise  from 
modulation  by  a  few  microns  of  the  desynchronism 
parameter  of  the  FEL.  This  modulation  is  expected 
from  coupling  between  temporal  dispersion  in  mag¬ 
netic  dipoles  in  the  electron  beam  line  and  the  40  KHz 
energy  modulation.  Here  we  report  the  first  results 
of  time  synchronized  measurement  of  the  micropulse 
length,  the  optical  power  spectrum,  and  the  optical 
power  as  a  function  of  the  phase  of  the  modulating 
signal. 

2.  Experiment 

The  FEL  beam  line  at  the  SCA/FEL  consists 
mainly  of  four  accelerator  structures  and  two  FEL 
undulators.  The  first  two  structures  accelerate  the 
beam  to  about  20MeV.  After  passing  through  the 
magnetic  chicanes  of  the  far-infrared  FEL,  the  beam 
undergoes  further  acceleration  by  two  more  structures 
before  entering  the  72  period  mid-infrared  FEL  un- 
dulator  (A™  =  3.1  cm).  The  rms  wiggler  parameter  is 
K  =  eBwXw/2nmc  =  0.83.  During  our  typical  FEL 
operation,  the  wavelength  of  the  mid-infrared  beam  is 
stabilized  through  a  feedback  loop  on  the  first  accel¬ 
erating  structure.  By  opening  this  loop  and  applying 
signals  from  a  function  generator,  the  energy  of  the 
electron  beam  can  be  modulated. 

The  autocorrelation  signal  and  the  optical  power 


signal  are  recorded  as  a  function  of  time  and  are 
shown  in  Fig.  1.  Each  of  the  three  plots  corresponds 
to  a  different  modulation  level.  The  flat  signals  taken 
without  modulation  are  shown  for  comparison.  As 
the  modulation  level  increases,  the  maximum  of  the 
autocorrelation  becomes  much  higher  than  the  nor¬ 
mal  level,  while  the  change  in  power  is  less  prominent. 
This  is  an  indication  of  very  short  micropulses. 

By  gating  the  signals  from  the  autocorrelator,  the 
spectrum  analyzer,  and  the  power  detector,  respec¬ 
tively,  simultaneous  measurements  of  the  micropulse 
length,  the  spectral  width,  and  the  optical  power  as 
a  function  of  the  phase  of  the  modulating  signal  can 
be  made.  Fig.  2  shows  one  set  of  measurement  at 
5.0  fim  wavelength.  The  measured  micropulse  length 
ranged  from  300  fs  to  800  fs  (FWHM)  while  the  spec¬ 
tral  width  varied  from  2.3%  to  0.9%  (FWHM).  The 
product  remained  transform  limited  throughout  the 
entire  cycle. 


3.  Discussion 


The  magnetic  chicanes  in  the  FEL  beam  line  are 
non-isochronous,  i.e.,  higher  energy  electrons  pass 
through  them  quicker  than  lower  energy  ones.  The 
effect  is  calculated  to  be  0.03ps/KeV.  Thus  modu¬ 
lation  of  the  beam  energy  is  translated  into  modu¬ 
lation  of  the  electron  bunch  repetition  frequency.  If 
we  assume  that  the  energy  modulation  takes  the  form 
(AE/2)sin(u;mt),  where  A E  is  the  peak-to-peak  en¬ 
ergy  modulation  in  KeV,  and  um  is  the  modulation 
frequency  in  rad/sec,  then  the  fractional  change  in 
the  electron  bunch  repetition  frequency  is  given  by, 


=  1.5  x  10“14  u»m  A E  cos (umt) 


(1) 


where  /fel  is  the  nominal  value  of  the  repetition  fre¬ 
quency.  Since  a  change  in  repetition  frequency  has 
the  same  effect  as  the  cavity  length  detuning  5L  — 
Tcav(A// /fel)>  thus  an  equivalent  cavity  length  de- 
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Fig.  1.  Plots  of  autocorrelation  and  optical  power 
signals  as  a  function  of  time  with  different  levels  of 
beam  energy  modulation.  The  flat  curves  are  for  sit¬ 
uations  without  the  energy  modulation. 

tuning  can  be  calculated  from  Eq.  (1).  In  our  ex¬ 
periment,  the  magnitude  of  the  energy  modulation  is 
monitored  with  an  electric  field  probe  inside  the  first 
accelerator  structure.  Measurement  shows  the  maxi¬ 
mum  energy  modulation  saturates  at  between  50  KeV 
and  100  KeV  (A E/E  =  0.15%-0.3%).  From  Eq.  (1), 
that  corresponds  to  a  variation  in  the  repetition  fre¬ 
quency  of  5  -  10  Hz  out  of  11.8  MHz,  or  is  equivalent 
to  a  change  in  the  cavity  length  by  5  —  10  /xm  out  of 
a  total  length  of  12.7  m.  This  change  is  a  significant 
fraction  of  the  power  vs.  detuning  curve.  However 
an  energy  modulation  of  0.3%  is  well  within  the  en¬ 
ergy  acceptance  range  of  the  FEL  since  the  Fourier 
transform  limited  bandwidth  of  a  350  fs  micropulse  at 
5  /mi  is  2%. 

In  an  FEL,  the  length  of  the  micropulse  is  deter¬ 
mined  by  the  temporal  overlap  of  the  optical  field 
and  the  electrons  and  can  be  adjusted  by  changing 
the  cavity  desynchronism,  which  is  defined  as  the  dif¬ 
ference  between  the  round  trip  time  of  the  optical 
pulse  and  the  electron  bunch  repetition  period.  To 
counteract  the  “laser  lethargy”  effect,  a  cavity  length 
that  is  slightly  shorter  than  perfect  synchronism  is 
usually  chosen.  As  cavity  desynchronism  approaches 
zero,  the  pulse  length  becomes  shorter,  while  the  op- 


Fig.  2.  Plot  of  micropulse  length  (FWHM)  and  spec¬ 
tral  width  (FWHM)  as  a  function  of  time  when  the 
beam  energy  is  modulated  at  40  KHz. 


tical  power  grows.  However  the  gain  also  decreases, 
and  optical  power  starts  to  decay  once  the  gain  be¬ 
comes  less  than  the  cavity  loss.  The  decay  time  of 
our  cavity  is  about  2  /is.  We  believe  that  by  modulat¬ 
ing  the  beam  energy  we  are  able  to  operate  briefly  in 
the  small  desynchronism,  short  pulse,  high  efficiency 
region  which  is  otherwise  unstable.  Simulation  based 
on  the  model  provided  in  [4]  produced  results  for  the 
optical  power  signal  similar  to  those  in  Fig.  2,  includ¬ 
ing  the  higher  harmonic  components. 

4.  Conclusion 

Time  synchronized  measurements  of  the  mi¬ 
cropulse  length  and  spectral  width  show  that  mi¬ 
cropulses  as  short  as  300  fs  are  achieved  when  elec¬ 
tron  beam  energy  is  modulated  at  about  40  KHz,  and 
the  beam  stays  transform-limited  at  all  time.  There 
is  strong  evidence  that  the  coupling  between  tempo¬ 
ral  dispersion  in  the  magnetic  dipoles  and  the  energy 
modulation  causes  the  cavity  desynchronism  to  oscil¬ 
late  between  the  high  power,  short  pulse  regime  and 
the  low  power,  long  pulse  operating  regime. 

The  authors  wish  to  thank  Seiji  Yamamoto  for  his 
help  in  assembling  the  electronics  necessary  for  the 
gated  measurement. 

REFERENCES 

1.  N.  Piovella  et  al.,  Phys.  Rev.  E  52,  5470  (1995). 

2.  D.  A.  Jaroszynski  et  al.,  Phys.  Rev.  Lett.  70,  3412 
(1993). 

3.  R.  J.  Bakker  et  al ,  Phys.  Rev.  E  48,  3256  (1993). 

4.  N.  Piovella,  Phys.  Rev.  E  51,  5147  (1995). 

5.  G.  Shvets,  et  al.,  Phys.  Rev.  E  56,  3606  (1997). 

6.  T.  I.  Smith,  “Beating  the  Fourier  Transform 
Limit  with  an  FEL”  in  Proceedings  of  the  Beijing 
FEL  Conference ,  August  1997. 


FREE  ELECTRON  LASERS  1998 
G.R.  Neil  and  S.V.  Benson  (Eds.) 
1999  Elsevier  Science  B.V. 


11-11 


5  ~  15  Hz  FEL  macropulse  operation  at  MIR-FEL  facility  of  the  FELI 

YKanazctwa  A.Zako,  KOshita,  TTakii,  A.Nagai ,TTomimasu 

Free  Electron  Laser  Research  Institute,  Inc.(FELI) 

2-9-5, Tsuda-Yamate,Hirakata,Osaka  573-0 1 28, Japan 


Abstract 

A  klystron  modulator  used  for  three  FEL  facilities  (FEL-1,  FEL-2  and  FEL-4)  was  reinforced  to  increase  the  repetition 
rate.  This  paper  describes  some  results  on  a  test  operation  of  5  ~  1 5  Hz  FEL  macropulse  operation  and  two-color  lasings 
at  6.87  pm  and  7.03  pm  using  a  stepwise  24-ps  rf  pulse. _ 


1,  Introduction 

The  usual  FEL  beam  consists  of  a  train  of  3 
picoseconds  pulse  (micropulse)  repeating  at  22.3125 
MHz  or  at  89.25  MHz  and  the  FEL  micropulse  train 
continues  for  18  ps  (macropulse)  and  the  macropulse 
repeats  at  10  Hz  at  MIR-FEL  facility.  The  FEL  peak 
power  per  micropulse  is  10  MW  at  the  exit  of  the  cavity 
mirror  and  the  maximum  average  power  is  100  mW  at 
22.3125-MHz  micropulse  repetition  rate,  and  300  mW  at 
89.25  MHz  at  the  user  rooms.  In  order  to  meet  recent 
FEL  user’s  demands  [1],  the  klystron  modulator  used  for 
three  FEL  facilities  (FEL-1,  FEL-2  and  FEL-4)  was 
reinforced  to  increase  the  macropulse  repetition  rate  from 
10  Hz  up  to  20  Hz  in  Sept.  1 996. 

This  paper  describes  recent  results  and  problems  on 
5-15-Hz  FEL  macropulse  operation  at  MIR-FEL  facility 
(FEL-1). 

2.  Rf  power  sources  and  rf  waveguides 

Fig.  1  shows  a  schematic  layout  of  a  thermionic  gun,  a 
714-MHz  prebuncher,  a  2856-MHz  buncher,  seven  2.93- 
m  accelerating  waveguides,  a  714-MHz  klystron  and  two 
2856-MHz  klystrons,  rf  waveguides,  four  S-type  BT  lines 
and  four  FEL  facilities.  The  prebuncher,  the  buncher  and 


the  seven  2.93-m  accelerating  waveguides  are  maintained 
to  be  their  designed  temperature  of  40°C  by  a  closed-loop, 
temperature  control  system. 

The  rf  waveguides  from  the  klystrons  to  the  injector 
and  seven  accelerating  waveguides  are  filled  with 
pressurized  SF6  gas  and  are  also  maintained  to  keep  their 
temperature  constant  with  the  closed-loop,  temperature 
control  system.  The  first  klystron  therefore  has  been 
always  used  for  all  FEL  facilities  but  the  second  one  has 
been  only  used  for  FEL-3  at  a  10-Hz  macropulse 
repetition  rate. 


^40 

s. 

u 

4* 

1“ 


♦  FEL«tmgeft»«r(inW] 

A 

....  PnHiPIOIUnWyCurw) 


M 


Id 


0  5  10  IS 

Macropulse  Repetition  Rate  [Hz] 


%  0 
1.8 
1.6 
1.4 

U  t 
1.0  > 
0.8  | 
0.6 
0.4 
0 1 
0.0 


Fig.  2.  Macropulse  repetition  rate  dependence  of  7. 1-gm 
FEL  average  power  and  its  spectral  spread. 


Fig.  1 .  The  schematic  layout  of  a  thermionic  gun,  a  714-MHz  prebuncher,  a  2856-MHz  buncher,  seven  2.93-m  accelerating 
waveguides,  a  714-MHz  klystron  and  two  2856-MHz  klystrons,  rf  waveguides,  four  S-type  BT  lines  and  four  FEL  facilities 
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3.  5-45-Hz  FEL  macropulse  operation  at  MIR- 
FEL  facility 

The  7.1 -pm  FEL  was  obtained  from  FEL-1  of  a  20.7 
mm  undulator  gap  (K=0.838)  using  a  28.6-MeV  electron 
beam.  Fig.  2  shows  repetition  rate  dependences  of  7.1- 
pm  FEL  average  power  measured  at  the  user’s  station- 1 
and  its  spectral  spread  (AAA,  FWHM)  measured  at  the 
monitor  room,  where  a  quarter  of  the  FEL  beam  from 
FEL-1  (1.5-mm<|>  mirror  aperture  of  FEL-1  cavity  mirror) 
is  delivered  to  a  beam  diagnostic  station  using  a  fan¬ 
shaped  mirror  with  a  90°  opening  angle  and  three 
quarters  of  the  FEL  beam  is  delivered  to  the  user  station- 
1. 

The  results  shown  in  Fig.  2  were  obtained  at  the 
optimum  oscillation  condition  for  each  macropulse 
repetition  rate.  The  average  power  is  approximately 
proportional  to  the  repetition  rate  and  the  spectral  spread 
is  almost  independent  of  the  repetition  rate. 

However,  whenever  the  repetition  rate  is  changed,  the 
average  power  is  smaller  than  that  being  proportional  to 
the  repetition  rate  and  the  spectral  spread  becomes 
broader  than  that  of  the  optimum  oscillation.  Mostly,  a 
change  of  the  repetition  rate  stopped  lasing  or 
sometimes  induced  two-color  lasing.  The  reason  is  due 
to  a  distortion  of  the  24-jis  rf  pulse  shape  induced  by  the 
change  of  repetition  rate.  We  therefore  had  to  always 
adjust  all  parameters  to  reach  the  optimum  condition  at 
each  repetition  rate  by  remotely  adjusting  distributed 
inductor’s  inductance  of  the  pfn  network  [2],  Fine 
adjustments  of  the  rf  phase  for  the  prebuncher,  the 
buncher  and  the  seven  2.93-m  accelerating  waveguides 
including  the  rf  waveguides  from  the  klystrons  are  also 
essentially  needed,  because  of  slight  changes  in  their 
equilibrium  temperature  and  in  SF6  pressure  filled  in  the  rf 
waveguides. 


Fig.  3 .  A  typical  stepwise  24-ps  klystron  current  shape 
Fig.  3  shows  an  example  of  a  stepwise  24-ps  klystron 


current  pulse  shape.  This  shape  was  easily  obtained  by 
remotely  adjusting  distributed  inductor’s  inductance  of  the 
pfh  network. 

4.  Two-color  lasing 

Fig.  4  shows  a  typical  two-color  FEL  spectra  of  6.87 
and  7.03  pm  induced  intentionally  at  a  10-Hz  macropulse 
operation.  A  10-ps  front  part  of  the  klystron  current 
pulse  shown  in  Fig.  3  contributes  to  the  7.03  pm  and  a  12- 
ps  long  back  part  does  to  the  6.87  pm.  A  relative 
wavelength  difference  AAA. =0.16  pm  /  7  pm  =  2.3  % 
is  found  in  Fig.  3. 


induces  a  0.36  %  step  in  an  accelerated  electron  spectrum, 
because  the  eneigy  difference  is  5/6  times  of  the  0.43  % 
step. 

Fig.  4.  A  typical  two-color  FEL  spectra 

Furthermore,  the  0.36  %  step  in  the  electron  spectrum 
induces  a  0.72  %  step  in  an  FEL  spectrum  because  the 
FEL  wavelength  is  inversely  proportional  to  the  square  of 
electron  eneigy.  The  estimated  value  of  0.72  %  can 
explain  only  one  third  of  the  relative  wavelength 
difference  of  2.3  %.  Two-third  seems  to  be  due  to  phase 
adjustments  for  the  buncher  and  the  first  accelerating 
waveguide. 
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1.  Introduction 

A  natural  method  for  efficiency  enhancement  of  Free- 
Electron  Lasers  (FELs)  is  providing  a  mechanism  of 
prolonged  resonance  during  the  process  of  electron-wave 
energy  exchange.  For  various  types  of  FELs  (in  particular, 
for  CARMs),  one  such  mechanism  is  the  regime  of 
trapping  of  electrons  by  the  RF  wave,  and  of  adiabatic 
deceleration  of  the  trapped  particles  by  smoothly  profiling 
the  parameters  of  the  system  (a  similar  regime  was  first 
proposed  for  TWTs  [1])  [2-6].  According  to  the  theory  [1- 
6],  this  regime  can  provide  a  considerable  increase  in 
efficiency  with  a  weak  sensitivity  to  spread  in  electron 
velocity,  as  compared  with  the  “traditional”  regime  of 
compact  electron  bunching  [7].  Just  the  realization  of  the 
trapping  regime  allowed  the  achievement  of  a  high 
electron  efficiency  for  the  first  time  in  a  FEL-amplifier 
experiment  [8].  However,  in  oscillators  the  realization  of 
this  regime  is  more  complicated  due  to  several  reasons. 
Evidently,  the  main  ones  are  difficulties  in  providing 
single-frequency  operation,  and  in  the  excitation  of  the 
long,  profiled  system,  especially  for  a  relatively  short 
electron  pulse.  In  order  to  avoid  these  difficulties,  one  can 
develop  the  idea  of  sectioning  (see  e.g.  [9])  and  study  a 
FEL-oscillator  of  the  twystron  type  with  the  microwave 
system  consisting  of  the  first,  self-exciting  section,  being 
a  relatively  short  cavity,  and  the  second  prolonged 
section,  where  trapping  is  provided  [10,1 1]. 


INPUT  OUTPUT 

REFLECTOR  ✓  REFLECTOR 

— 


Figure  1.  Schematic  of  the  sectioned  oscillator. 


2.  Sectioned  FEL-oscillator 

In  the  simplest  model  of  a  sectioned  FEL-oscillator 
(Fig.l),  the  self-exciting  section  is  a  relatively  short 
segment  of  a  waveguide  with  RF  feedback,  which  is 
provided  by  very  short  reflectors  at  the  input  and  output 
of  this  section,  with  the  reflection  coefficients  100%  and 
R  respectively.  This  section  is  excited  due  to  the 
“traditional”  mechanism  of  compact  electron  bunching. 
The  RF  field  passes  through  the  output  reflector  and 
comes  into  the  second  section,  being  a  long  waveguide 
without  RF  feedback  This  section  represents  an  amplifier; 
the  input  signals  are  both  the  RF  wave,  having  passed 
through  the  output  reflector  of  the  first  section,  and 
perturbations  in  the  electron  density  due  to  electron 
bunching  inside  the  first  section.  In  the  second  section, 
the  energy  of  the  exact  resonance  of  electrons  with  the 
wave,  £r  (z)  ,  decreases  with  the  longitudinal  coordinate 

(Fig.l)  due  to  profiling  the  parameters  of  the  system  (for 
instance,  profiling  the  guiding  magnetic  field  in  the 
CARM,  or  the  undulator  field  in  the  ubitron).  A  part  of 
electrons  is  trapped  by  the  potential  well  formed  by  the 
RF  field.  Energies  of  the  trapped  particles  decrease 
with  the  decrease  of  £r(z),  energies  of  the  other 
particles  practically  do  not  vary.  Thus,  the  efficiency  is 
approximately  defined  by  the  formula 

r|  =  A|yq  -  yr  (z)J  /  [yo  “  l] »  where  K  is  the  trapping 

coefficient,  y  is  the  electron  Lorentz  factor. 

According  to  calculations  [10],  for  smooth  profiling 
the  trapping  coefficient  is  defined  basically  by  the 
parameters  of  the  self-exciting  section;  namely,  by  the 
reflection  coefficient  at  the  output  of  the  first  section.  If  it 
is  small  enough,  R  =  0.1  -  0.3 ,  then  almost  total 
trapping,  A"  =  0.9  —  0.95 ,  can  be  achieved  in  a  very  wide 
region  of  parameter  space.  The  increase  of  R  leads  to  a 
significant  decrease  of  the  trapping  coefficient  because  in 
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this  case  the  system  contains  a  non-adiabatic  de-trapping 
factor.  This  is  a  fast  change  of  the  complex  RF  amplitude 
in  the  region  of  the  transition  from  the  first  section  into 
the  second  one,  because  of  the  strong  reflection  of  the  RF 
wave  by  the  output  reflector. 

This  difficulty  can  be  avoided  by  using  a  prolonged 
output  reflector:  the  self-exciting  section  can  be  a  cavity 
with  the  distributed  feedback  provided  by  two  reflectors: 
a  short  input  reflector,  and  a  Bragg  reflector  with  a  length 
approximately  equal  to  the  total  length  of  the  section 
(Fig.  2)  [1 1].  In  this  case,  the  distribution  of  the  RF  field 
within  the  region  of  the  transition  between  the  sections  is 
smoother.  This  should  provide  more  accurate  trapping  of 
electrons  at  the  beginning  of  the  second  section. 


Figure  2.  Design  and  calculations  for  the  CARM 
at  the  fundamental  cyclotron  resonance. 

Electron  efficiency  and  guiding  magnetic  field 
versus  the  longitudinal  coordinate. 

3.  Preliminary  experiment 

The  proposed  scheme  can  be  effectively  used  for 
various  FELs,  including  ubitrons,  CARMs  and  Cherenkov 
devices.  As  for  the  CARM,  our  goal  is  a  significant 
enhancement  of  their  efficiency  in  the  experiments  at  the 
fundamental  [12]  and  the  second  [13]  cyclotron 
harmonics.  As  calculations  show  (Fig.2),  a  high 
electron  efficiency  (about  of  40  -  50  %)  can  be  achieved. 

Advantages  of  this  scheme  were  confirmed  by  a 
preliminary  experiment  under  the  realization  of  the 
CARM-twystron  in  the  regime  of  trapping  (the 
fundamental  cyclotron  harmonic,  8  mm  wavelength,  100 
A  /  500  kV  electron  beam).  The  main  disadvantage  of  this 
experiment  were  a  quite  bad  quality  of  the  electron  beam 
(tens  per  cent  of  velocity  spread).  Due  to  this  fact,  for  the 
traditional  (uniform)  scheme  of  the  oscillator,  the  power 
was  essentially  lower  than  in  the  experiment  [12]  (3.6 
MW  with  the  electron  efficiency  of  7  %).  In  addition, 
tapering  of  the  magnetic  field  was  a  non-ideal,  and  the 
length  of  the  interaction  region  was  significantly  shorter 
(Fig.  3)  as  compared  with  the  preliminary  design  (Fig.2). 
However,  even  in  this  situation,  the  experiment 


demonstrated  the  possibility  of  a  significant  increase  of 
the  output  power  due  to  the  use  of  the  regime  of  trapping: 
the  power  of  5.2  MW  with  the  electron  efficiency  of 
10.5%  was  achieved. 
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Figure  3.  Schematic  of  the  experiment 
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Abstract 

Main  elements  of  an  oscillator  with  a  planar  6-mm-period  undulator  in  the  form  of  a  periodic  system 
of  ferromagnetic  bodies  immersed  in  the  pulsed  solenoid  have  been  studied.  At  a  solenoid  field  of  1.0  T, 
the  undulator  provides  a  0.3-0. 2  T  transverse  magnetic  field  for  the  2-3  mm  gaps.  The  microwave  system 
is  a  rectangular  waveguide  of  2  x  10  mm  cross-section  terminated  by  input  and  output  reflectors.  An 
electron  beam  with  a  50  A  current,  500  kV  voltage,  20  ns  pulse  duration,  and  1.8  mm  diameter  has  been 
obtained.  Simulations  predict  a  MW  level  of  output  power  at  a  2  mm  wavelength  with  5-7%  electronic 
efficiency. 


1.  Introduction 

Realization  of  an  effective  FEM  with  a  short- 
period  undulator  is  still  an  unsolved  but  very 
attractive  problem.  The  use  of  undulators  with 
millimeter  periods  and  low-energy  electron  beams 
produced  by  high-current  accelerators  with  ’’cold” 
emitters  opens  in  particular  one  of  the  simplest 
ways  for  producting  powerful  coherent  radiation  at 
millimeter  and  submillimeter  wavelengths.  Such 
short-period  undulators  can  provide  a  sufficiently 
large  transverse  component  of  electron  velocity, 
which  allows  obtaining  a  relatively  high  electron 
efficiency  of  the  FEM.  This  work  shows  the 
possibility  for  realization  of  a  FEM-oscillator  with  a 
planar  6-mm-period  undulator,  which  is  formed  by 
a  periodic  system  of  ferromagnetic  bodies  immersed 
in  a  solenoid  [1,2],  pulsed  in  our  case.  Such  a 
system  redistributes  the  external  magnetic  field  so 
that  a  significant  periodic  transverse  component  of 
the  field  is  provided. 

2.  Undulator 

Axial  magnetic  field  B j|  is  used  for  high- 
current,  pulsed,  electron  beam  generation  and 
transport.  The  most  suitable  undulator  is  one 
which  modifies  axial  magnetic  field  to  transverse 
periodic.  Such  devices  were  used  for  many 
years  with  various  methods  of  field  formation: 
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ferromagnetic  insertions  for  dc  fields  [1,2]  and 
metallic  ones  with  pulsed  fields.  Skin-effect  (eddy 
currents)  is  used  in  the  latter  case.  The  most 
effective  way  to  obtain  high  transverse  field  in  our 
case,  where  pulsed  magnetic  field  of  a  solenoid 
is  employed,  is  to  make  insertions  fabricated  of 
laminated  transformer  steel  to  avoid  eddy  current 
effect  (parasitic  in  this  scheme). 

Upper  and  lower  halves  of  the  undulator  are 
arrays  of  4  x  10  x  25  mm  blocks  which  are  sets 
of  0.35-mm- thick  plates  of  transformer  steel.  The 
blocks  are  placed  with  6- mm  period.  The  halves 
can  be  assembled  with  various  gaps,  thus  changing 
transverse  to  longitudinal  field  ratios.  2  and 
3  mm  gaps  were  used  for  field  measurements. 
Longitudinal  shift  of  one  half  relative  to  the  other 
changes  transverse  field  amplitude  in  the  median 
plane  as  well  as  harmonic  content.  Maximum 
amplitude  of  the  fundamental  is  attained  with  a 
half-period  shift.  This  geometry  was  used  in  the 
experiments.  At  a  solenoid  field  of  1.0  T  the 
measured  transverse  field  amplitude  amounted  to 
0.3  T  for  a  2  mm  gap  and  0.2  T  for  a  3  mm.  Its 
dependence  on  axial  magnetic  field  for  a  3-mm  gap 
is  shown  in  Fig.  1. 

Adiabatic  entry  often  used  in  such  undulators 
is  too  long,  so  matched  fringe  field  formation  was 
chosen  to  have  a  shorter  undulator.  The  end  block 
was  moved  outwards  by  several  millimeters  relative 
to  the  others.  This  allows  to  balance  the  entry 
field  integral,  so  that  electrons  are  placed  exactly  on 
orbit  (field  integral  should  be  zero  at  field  maxima) . 
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Fig.  1.  Transverse  undulator  field,  B±,  versus  solenoid 
field,  £||,  for  a  3-mm  gap. 


Fig.  2.  Axial  dependence  of  the  undulator  field. 
Axial  dependence  of  undulator  field  is  presented  in 

Fig-  2. 

Field  amplitude  modulation  along  the  axis  is  due 
to  the  small  number  of  periods  and  can  be  excluded 
by  adjusting  the  transverse  position  of  each  block. 
Assessment  of  its  influence  on  particle  dynamics 
shows  that  this  is  not  necessary. 

It  is  worth  noting  that  the  studied  undulator  has 
a  shorter  period  6  mm,  than  previous  ones  10  mm 
periods  [2-4]  and  even  25  mm  [1].  Laminated  iron 
insertions  in  pulsed  magnetic  field  and  matched 
undulator  entry  were  not  employed  earlier  and 
proved  to  be  effective  for  field  formation  and 
reducing  undulator  length  considerably  compared 
to  devices  with  an  adiabatic  entry. 

3.  Electron  beam  and  microwave  system 

As  an  electron  source  for  a  FEM  with  the 
described  undulator,  one  can  use  any  injector 
forming  thin  high-current  electron  beams.  For 
instance,  such  beams  are  produced  by  explosive 
emitters  in  high-current  direct-action  accelerators. 
At  the  Institute  of  Applied  Physics  (N.Novgorod, 
Russia),  one  of  such  accelerators,  the  SINUS-6, 


allows  obtaining  electron  beams  with  an  energy 
of  300-700  keV,  pulse  duration  20  ns,  and  a  total 
current  of  several  kA.  The  use  of  a  quasi-plane 
magnetic-insulated  diode  with  a  narrow  outlet 
provides  good  selection  of  ’’the  most  rectilinear” 
electrons.  This  results  in  forming  a  small-diameter 
(1. 5-2.0  mm)  high-quality  electron  beam  with  an 
operating  current  of  20-100  A  [5]. 

In  the  design  of  the  FEM-oscillator,  it  is  planned 
to  use  a  cavity  of  2  x  10  mm  cross-section  as  the 
microwave  system.  It  is  formed  by  a  rectangular 
operating  waveguide  terminated  by  two  (input 
and  output)  selective  reflectors.  The  operating 
magnetic  field  of  the  pulsed  solenoid  is  assumed 
to  be  1.0  T.  The  amplitude  of  the  transverse  field 
component  would  be  about  0.2  -  0.3  T. 

According  to  simulations,  for  15  -  20  undulator 
periods,  0.85-0.90  cavity  feedback  coefficient  and 
nearly  500  kV  accelerating  voltage,  the  use  of  a 
20-50  A  beam  allows  obtaining  a  MW  level  of 
output  power  with  5-7%  electronic  efficiency.  The 
frequency  of  the  output  radiation  can  be  varied 
from  100  to  240  GHz  by  small  changes  of  the 
accelerating  voltage  with  corresponding  adjustment 
in  parameters  of  the  cavity  reflectors  (Fig. 3). 


Fig.  3.  Upper  and  lower  resonant  frequencies  versus  the 
electron  Lorentz  factor  (7  =  1.82  corresponds  to  the 
regime  of  grazing). 
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1.  Introduction 

The  radiation  from  a  high-energy  electron  bunch 
becomes  coherent  and  highly  intense  at  wavelengths 
about  or  longer  than  the  length  of  the  bunch.  This 
phenomenon  was  first  observed  for  synchrotron 
radiation  [1]  and  after  that,  for  various  kinds  of 
radiation.  Radiation  such  as  synchrotron  radiation, 
transition  radiation  and  Cherenkov  radiation  has  a 
continuous  spectrum.  From  these  features  the 
coherent  radiation  is  expected  to  be  applied  to 
spectroscopy  in  a  submillimeter  to  millimeter  range 
as  a  new  intense  pulsed  light  source. 

At  The  Institute  of  Scientific  and  Industrial 
Research  (ISIR)  in  Osaka  university,  self-amplified 
spontaneous  emission  [2]  in  the  radiation  process 
from  a  wiggler  and  the  coherent  radiation  [3]  are  being 
observed  by  using  the  high  intensity  single-bunch 
electron  beams  generated  with  the  38-MeV  L-band 
linear  accelerator  (linac).  The  purpose  of  the  present 
work  is  to  establish  a  new  light  source  by  using  the 
coherent  radiation. 

2.  Characteristics  of  the  coherent  radiation 

For  an  electron  bunch  sufficiently  narrow  around 
the  beam  axis,  the  intensity  of  radiation  from  the 
bunch  at  a  wavelength  of  A  is  expressed  as  follows: 


*  Corresponding  author.  Tel:  +81-6-879-8511; 
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P(X)=p{X)N{\+{N-\)AX)l  (1) 

where  p(X)  is  the  intensity  of  radiation  from  one 
electron,  N  the  number  of  electrons  in  the  bunch  and 
/(A)  the  bunch  form  factor  which  is  determined  from 
the  shape  of  the  bunch.  At  wavelengths  enough  longer 
than  the  bunch  length  A  A)  is  nearly  equal  to  1  and 
hence,  P( A)  is  N  times  the  intensity  of  the  ordinary 
incoherent  radiation.  For  the  single-bunch  beam  of  the 

ISIR  linac  77  is  5  x  10 11  in  maximum.  The  length  of 
the  bunch  is  from  a  few  to  a  few  tens  of  picoseconds 
(about  one  to  ten  millimeters)  in  FWHM.  The 
wavelengths  of  the  coherent  radiation  is  in  a 
submillimeter  to  millimeter  range.  Another  feature  of 
the  radiation  is  polarization,  which  depends  on  the 
radiation  process. 

In  most  experiments  a  multibunch  electron  beam 
forming  a  bunch  train  is  used.  The  intensity  of 
radiation  from  the  beam  is  P( A)  G(A),  where 

G( A)=  ( sm(nnd/X)  /  smind/X)  )2.  (2) 

In  this  equation  d  is  the  interval  between  the  bunches. 
This  factor  gives  the  oscillation  on  the  spectrum  due 
to  the  interference  between  the  light  pulses.  When  the 
radiation  is  applied  to  spectroscopy  this  fact 
determines  the  lowest  value  of  the  resolution  in 
wavelength:  it  is  typically  1%. 

The  characteristics  of  the  coherent  radiation  show 
that  the  ideal  beams  used  for  a  new  light  source  are 
high-intensity  single-bunch  beams.  In  the 
experiments  performed  so  far  single-bunch  beams  were 
used  in  Osaka  University  and  Cornell  University  [4]. 
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Fig.  1.  Schematic  diagram  of  the  experimental  setup 
for  the  measurements  of  the  coherent  synchrotron 
radiation. 

3.  Experimental 

The  ISIR  linac  has  a  specific  subharmonic  buncher 
system  to  generate  the  high-intensity  single-bunch 
beams.  The  maximum  charge  of  electrons  in  a  bunch 
is  73  nC.  The  operational  conditions  of  the  linac  are 
determined  so  as  to  obtain  high  intensity  radiation. 
The  length  of  the  bunch  can  be  controlled  from  10  to 
50  ps. 

Fig.  1  shows  the  setup  for  the  present  experiments. 
The  synchrotron  radiation  emitted  from  a  bending 
magnet  at  a  solid  angle  of  0.01  sr  is  transported. 
Most  path  of  radiation  is  in  vacuum.  The  spectrum 
of  the  radiation  is  measured  by  using  a  grating 
spectrometer  and  a  liquid-He  cooled  Si-bolometer. 
The  resolution  in  wavelength  of  the  spectrometer  is 
about  1  %  which  is  determined  from  the  size  of  the 
grating.  The  radiation  is  partly  splitted  to  another 
detector  to  monitor  the  intensity  of  the  incident  light. 


4.  Results  and  discussion 

Fig.2  shows  the  spectrum  of  the  coherent  radiation 
measured  at  wavelengths  from  0.7  to  1.4  mm.  The 
energy  of  the  beam  is  28  MeV  and  the  charge  of 
electrons  in  a  bunch  is  about  30  nC.  The  spectrum  of 
the  incoherent  radiation  given  by  calculation  is 
indicated  with  a  solid  line.  The  intensity  of  radiation 
is  10  orders  of  magnitude  enhanced  according  to  the 
coherence  effects,  as  shown  in  this  figure.  Structure 
on  the  spectrum  is  attributed  to  the  reflection  in  the 


Wavelength  (mm) 

Fig.  2.  Spectrum  of  the  coherent  synchrotron  radiation 
from  an  electron  bunch  of  the  single-bunch  beam  at  30 
nC:  the  intensity  of  the  incoherent  radiation  given  by 
calculation  is  indicated  with  a  solid  line. 

vacuum  window  on  the  path  of  radiation  and  to  the 
shape  of  the  electron  bunch.  The  total  energy  of 

radiation  at  this  range  of  wavelengths  is  4  x  10"4  J. 
This  is  more  than  7  orders  of  magnitudes  higher  than 
that  of  the  other  far-infrared  light  sources  having 
continuous  spectra.  The  degree  of  polarization  is  0.62 
for  the  wavelength  range  from  1  to  2mm.  The 
stability  of  the  intensity  of  radiation  averaged  over  60 
pulses  is  below  ±1%. 

By  using  the  light  source  the  absorption  spectra  of 
N20  gas  are  being  measured.  This  will  be  applied  to 

the  researches  in  various  fields. 
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Abstract 

Microwaves  have  already  found  a  large  number  of  applications  in  manufacturing  industry  for  processing.  The  majority  of 
these  applications  are  mainly  concerned  with  heating  or  drying  using  existing  magnetron  devices,  which  produce  kW 
powers  at  low  frequencies  0.9GHz  and  2.46GHz.  A  possible  replacement  device  for  the  magnetron  at  higher  frequencies 
up  to  100GHz,  capable  of  producing  kW  powers,  is  the  free  electron  microwave  source  (FEM).  In  order  to  consider  the 
potential  of  such  devices,  a  simulation  of  a  tuneable  FEM  device  operating  up  to  saturation  conditions  has  been  given.  It 
has  been  shown  for  an  X  band  device  operating  at  8.7  GHz  with  a  voltage  of  90  kV  and  a  beam  current  of  300  mA,  that  3.7 
kW  of  microwave  power  is  available  for  industrial  applications.  Doubling  the  device  current  to  600  mA  would  increase 
the  power  available  to  more  than  10  kW.  By  introducing  cylindrical  waveguides,  frequencies  up  to  100  GHz  are  readily 
attainable  with  comparable  powers.  The  Liverpool  FEM  is  currently  being  upgraded  to  produce  such  power  outputs  by 
enhancing  the  electron  beam  current.  The  operating  frequency  is  up  to  Ku  band  (12  to  18  GHz).  _ 


1.  Introduction 

The  magnetron  is  able  to  produce  a  significant  amount  of 
microwave  power  (30  kW  at  0.9  GHz  and  8  kW  at  2.46 
GHz)  with  an  efficiency  of  30%.  Based  upon  these 
attributes,  new  applications  of  microwaves  are  currently 
being  explored  for  manufacturing  industries.  Four  of  the 
more  recent  applications  are: 

1.  Microwave  Plasma  Torch  for  the  welding  or  cutting 

of  metals  and  ceramics  [1]. 

2.  Microwave  vitrification  of  radioactive  waste  for 

environmentally  friendly,  long-term  storage  [2]. 

3.  Microwave  chemistry  for  the  optimum  cleaning  of 

contaminated  catalytic  surfaces. 

4.  UV  light  sources  for  waste  water  management. 

Although  manufacturing  industry  currently  employs 
magnetrons  for  microwave-based  processes,  such  as 
drying  and  baking,  there  are  many  industrial  processes 
that  could  use  microwaves  but  are  restricted  by  the 
limitation  of  the  magnetron.  However,  the  industry  has  a 
requirement  for  shorter  wavelength  microwave  sources 
having  a  range  of  tuneable  frequencies  and  power 
outputs  at  the  kW  level.  Existing  magnetron  devices  can 
not  satisfy  these  requirements  but  they  readily  fall 
within  the  capabilities  and  potential  of  the  Free 
Electron  Microwave  source  (FEM). 

2.  The  Free  Electron  Microwave  Source 

At  the  University  of  Liverpool,  a  compact,  low  voltage, 
prototype  free  electron  microwave  (FEM)  source  has 
been  developed  to  examine  the  physics  of  pre-bunched 
FEM  operation  and  to  act  as  a  test  bed  for  new  ideas  and 
techniques.  The  operational  parameters  of  this  low 
current  demonstration  device  have  been  published 
previously  [3],  together  with  experimental  results 
[4,5,6].  The  FEM  which  is  currently  operating  using  an 
X  band  waveguide  (8-12)  GHz  device  employing  a  55 
kV,  1  mA  electron  beam  together  with  a  permanent 
magnet  wiggler.  The  electron  beam  is  pre-bunched  at  5 
kV  on  exiting  the  electron  gun,  prior  to  entering  an 
electrostatic  accelerator  as  shown  in  Fig.  1.  This 
technique  is  necessary  to  achieve  adequate  gain  with 


the  low  current  capability  of  the  present  power  supply. 
Table  1  gives  the  specifications  of  the  prototype  FEM. 


Pmn 

Sensor 


Fig.  1:  Prototype  FEM  "Oscillator” 


Table  1:  Liverpool  FEM  Specification 


Electron  Beam:  1 

Synchronous 

Voltage 

60  to  90kV 

Maximum  Current 

1  to  5mA 

Diameter 

1mm 

Pre-Buncher: 

Resonant  Frequency  |  Bunching  factor  =1.85 

Waveguide  Resonator: 

Dimensions 

12.5  x  25mm 

Cut-off  Frequency 

7.5GHz 

Resonant  Frequency 

8  to  12GHz 

Quality  Factor 

Length  =500mm 

1  Wiggler  Magnet 

Material 

NdFeB 

Period 

25mm 

Gap 

24mm 

Number  of  Periods 

20 

Peak  Field 

500  Gauss 
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The  experimental  results  given  previously  [4,5,6]  are  of 
the  general  form  and  can  be  quantitatively  explained  by 
a  linear  theory.  However  for  higher  powers  non  linear 
interaction  occur  and  there  is  no  quantitative 
explanation  for  the  amount  of  power  capable  of  being 
produced  as  well  as  giving  a  reasonable  estimate  of  the 
saturated  output. 

3.  Simulation  results  of  the  FEM  interaction 

The  physics  of  the  interaction  between  the  electron 
beam  and  electromagnetic  wave  within  a  cavity 
resonator  whilst  under  the  influence  of  the  wiggler 
magnetic  field  may  be  described  either  using  a  two- 
wave  model  or  a  single  particle  model.  A  single  particle 
code  has  been  created  to  examine  how  an  electron 
interacts  with  the  electromagnetic  wave  as  it  travels 
down  the  wiggler  magnet.  Using  this  model,  the  rate  of 
electron  energy  may  be  calculated  for  different  values  of 
field  strength  ( Ea ),  initial  phase  angle  (d>),  and  the 
initial  electron  energy  (eV)  for  various  FEM  system 
parameters  and  the  simulation  parameters  are 
summarised  in  Table  1. 


Fig.  2:  Electron  interaction  with  the  EM  wave  as  a 
function  of  the  initial  phase  angle 

The  results  of  the  simulation  are  shown  in  Fig.  2,  which 
examines  the  synchronous  interaction  as  the  phase  angle 
between  an  electron,  and  the  electromagnetic  wave  is 
varied.  The  results  in  Fig.  2  are  specifically  for  Eo  =  80 
kV/m  and  (vz/c)  varying  between  0.47  and  0.49. 
Detailed  results  have  been  obtained  for  Ea  from  5  to 
1280  kV/m  and  the  results  for  E0  =  80  kV/m  illustrate  the 
general  trends.  At  relatively  small  signal  levels  there  is 
a  sinusoidal  variation  in  the  interaction  strength  with 
phase  angle.  For  a  continuous  stream  of  electrons  some 
of  the  electrons  will  gain  energy  whilst  others  will  lose 
a  corresponding  amount  of  energy.  For  a  certain  phase 
angle  there  will  be  a  maximum  energy  transfer  (eV)  from 
the  electrons  to  the  EM  wave.  At  approximately  180° 
extra  phase  shift,  the  process  is  reversed  and  a  similar 
amount  of  energy  is  transferred  from  the  EM  wave  to  the 
electron.  For  a  continuous  electron  beam  the  net  energy 
transfer  is  close  to  zero.  However,  if  the  electron  current 
is  pre-bunched  it  is  possible  for  the  electrons  to  enter 
the  wiggler  with  only  a  small  range  of  phase  shift  angles 
and  hence  interaction  at  the  optimum  conditions  can 
occur  resulting  in  a  large  transfer  of  energy  from  the 
electron  to  the  EM  wave.  The  amount  of  energy 
transferred  to  the  EM  wave  by  the  electron  depends  not 
only  on  the  phase  angle  but  also  on  the  electron 
velocity  (v/c). 

Fig.  3  shows  the  energy  transfer,  maximised  for  phase 
angle,  as  a  function  of  (v/c)  and  clearly  shows  a 
resonance  effect.  As  E0  increases,  the  energy  transfer 
curve  becomes  less  symmetrical  with  a  rapid  fall  off  at  the 
higher  (v/c)  values.  For  high  values  of  £0=1 280  kV/m 


the  maximum  energy  lost  by  the  electron  is  28,000  eV  for 
an  electron  beam  velocity  (v/c)  =  0.525,  which 
corresponds  to  an  electron  beam  energy  of  90  keV. 
Under  these  high-energy  transfer  conditions  it  is 
important  to  observe  the  rate  of  energy  transfer  while  the 
electron  is  travelling  through  the  wiggler.  As  shown  in 
Fig.  4,  for  E0  -  160  kV/m  the  electron  energy  loss 
variation  is  approximately  linear  with  distance  along 
the  wiggler  although  at  the  end  of  the  wiggler  there  is 
evidence  of  saturation  occurring.  For  E0  -  1280  kV/m 
there  exists  a  maximum  energy  transfer  occurring  at  50% 
along  the  wiggler  and  at  100%  of  the  distance  along  the 
wiggler  the  electron  has  recovered  all  the  energy  it 
previously  had  transferred  to  the  EM  wave.  We  therefore 
conclude  that  under  such  high  field  conditions  the 
length  of  the  wiggler  has  to  be  matched  to  the  value  of 
E0.  This  is  advantageous  as  the  Q  of  the  waveguide  will 
be  higher  and  will  result  in  less  cavity  losses. 


0.47  0.4B  0.49  0.5  0.51  0.5Z  0.53 

Wc 


Fig.  3:  The  loss  of  energy  by  the  electron  as  it  traverses 
the  cavity 


Distance  Travelled  (m) 


Fig.  4:  The  loss  of  energy  by  the  electron  as  it  traverses 
the  cavity 

4.  FEM  Output  Power  Capability 

In  order  to  evaluate  the  output  power  capability  of  the 
FEM  it  is  necessary  to  equate  the  energy  transferred  from 
the  electron  beam  to  the  EM  wave  with  the  energy  lost 
by  the  EM  wave  within  the  cavity  and  by  applications. 
The  energy  transferred  is  eVi  /,  where  Vj  is  the 
interaction  voltage  and  I  is  the  beam  current.  Both  the 
cavity  losses  and  the  useful  energy  available  for 
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applications  represent  the  energy  loss.  The  balance 
equation  is: 

eV,I  =  P2aL  +  kP  =  k'P  0) 

Where  L  is  the  length  of  the  cavity,  a  is  the  attenuation 
coefficient  and  k  is  the  fraction  of  cavity  power  as  useful 
output.  However,  the  mean  power  within  a  rectangular 
waveguide  is 


/  \  no 

f 

Then  substitution  from  (1)  gives 


eVj!  =k' 


E l  A .ab 

427“ 


(2) 

(3) 


If  k1  =  2a£then  all  the  power  generated  in  the  cavity  is 
used  to  satisfy  the  Ohmic  losses  of  the  cavity  and  the 
beam  current  is  I1.  All  the  extra  current  ( /-/ 7)  can  then 
generate  useful  power  for  application  purposes.  The 
results  of  the  single  particle  analysis  have  been 
summarised  in  Table  2.  The  Liverpool  FEM  is  capable  of 
being  operated  with  three  electron  guns  giving  beam 
currents  of  2  mA,  15  mA  and  50  mA.  The  latter  has  the 
capability  of  being  enhanced  to  produce  a  beam  current 
of  300  mA.  For  the  300  mA  gun  currents,  useful  output 
power  can  be  produced  of  the  order  of  3.7  kW.  At  these 
operating  conditions,  the  beam  current  required  to  offset 
the  cavity  losses  is  159  mA  so  that  only  half  of  the  beam 
current  (~  141  mA)  is  producing  useful  power.  It  is  not 
unusual  to  have  Klystron  with  1  A  electron  beams 
which  would  have  the  capability  to  produce  21  kW  of 
useful  power.  For  the  lower  gun  currents  of  50  mA, 


15  mA  and  2  mA  the  useful  power  capabilities  are 
162  W,  14  W  and  400  mW  respectively. 


5.  Conclusion 

A  free  electron  microwave  (FEM)  source  has  been 
simulated  for  the  X  band  range  of  frequencies 
(8-12  GHz).  It  has  been  shown  for  a  2  mA  electron  beam 
that  407  mW  of  microwave  beam  power  can  be  produced 
whilst  for  a  300  mA  beam  3666  W  of  power  is  produced. 
These  high  output  energies  are  produced  because  the 
electron  beam  has  initially  been  pre-bunched  at  the 
required  frequency.  A  series  of  confirming  experiments 
are  currently  being  undertaken  with  the  aim  of  using  the 
FEM  device  on  industrially  based  projects. 
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Table  2:  The  minimum  current  (I1)  necessary  to  maintain  the  electric  field  strength  E0  within  the  cavity 


Simulation  Results 
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The  first  lasing  of  the  JAERI  FEL  has  been  successfully  achieved  in  February  26th,  1998.  As  a  next  step,  it  is 
planned  to  extract  average  FEL  light  output  of  lkW  or  higher.  A  possible  path  is  discussed  to  improve  the  existing 
JAERI  FEL  performances. 


1.  Introduction 

The  superconducting  rf  linear  accelerator  (rf 
linac)  is  the  best  option  for  a  high  average  power  free 
electron  laser  (FEL)  because  of  the  negligible  rf  losses 
on  the  accelerating  cavity.  Especially,  the  cavity  with 
the  lower  frequencies  than  the  S  and  L  bands  can  accept 
the  larger  amount  of  electrons  per  bunch  for  acceleration. 
As  the  accelerating  frequency  of  the  JAERI  supercon¬ 
ducting  cavity  is  499.8  MHz  and  several  times  larger 
longitudinal  and  transversal  acceptances  are  available, 
the  JAERI  FEL  should  become  one  of  the  most  powerful 
FEL  systems  for  high  power  operation.  The  JAERI  FEL 
has  been  designed  and  constructed  to  be  a  quasi-CW 
(Continuous-Wave)  far  infrared  laser  with  a  1  ms  long 
macropulse  and  a  10  Hz  repetition  rate  [1],  because  of 
poor  radiation  shield,  small  capacity  of  power  supply 
and  low  cooling  capacity  of  the  liquid  He  recondensing 
refrigerator  system.  After  the  first  lasing  [2],  we  plan  to 
make  the  average  output  well  higher  than  1  kW  for  pro¬ 
totyping  industrial  superconducting  FEL  applications 
and  also  test  platform  of  CW  operation  in  the  future. 

2.  JAERI  FEL  system 

The  electron  gun  was  originally  designed  to 
produce  the  electron  beam  of  4  ns  micropulse  width  and 
about  100  mA  peak  current.  After  some  improvements 
of  the  grid  pulser,  an  FWHM  of  the  width  is  below  3  ns, 
the  estimated  peak  current  to  be  around  150  mA,  the 
fluctuation  of  micropulses  below  3  %.  To  increase  the 
beam  current  from  the  electron  gun,  we  need  some  im¬ 
provements  for  the  grid  pulser  to  shorten  the  micropulse 
width  and  injection  line  length,  to  minimize  SHB  voltage 
and  energy  spread  of  the  beam,  and  to  maximize  the 
peak  current.  To  transport  almost  100  %  electron  beam 
from  the  electron  gun,  and  to  reduce  beam  losses  in  the 
injection  line,  a  high  quality  electron  beam  like  a  Stan¬ 
ford  SCA/FEL  [3]  is  required  to  be  realized  in  the  JAERI 


FEL.  The  normalized  emittance  from  the  electron  gun  at 
the  Stanford  is  estimated  to  be  3ji  mm-mrad  and  micro¬ 
pulse  charge  is  21pC/3ps  with  11.8  MHz.  This  is 
equivalent  to  the  emittance  of  8jt  mm-mrad  and  micro¬ 
pulse  charge  of  448pC/9ps  with  10.4125  MHz  in  the 
JAERI  low  frequency  system.  In  this  case  the  beam  cur¬ 
rent  is  4.6  mA.  If  the  micropulse  of  four  times  longer 
width  is  assumed  to  be  accepted  in  longitudinal  direction 
with  an  almost  the  same  quality  beam,  the  beam  current 
of  18.4  mA  will  be  available. 

An  improvement  of  the  rf  feed  back  system  is 
one  of  the  most  important  for  the  JAERIs'  first  lasing 
achievement.  Errors  of  the  rf  amplitude  inside  the  cavi¬ 
ties  during  the  beam  loading  had  been  typically  kept  to 
be  below  0.5  %  for  the  pre-accelerators  and  0.1  %  for  the 
main  accelerators  in  peak  to  peak  sense.  The  error  of  the 
rf  phase  is  below  1  degree  in  peak  to  peak  for  all  the 
accelerators.  As  an  example,  cavity  field  and  phase 
fluctuation  due  to  2  mA  beam  loading  for  a  pre¬ 
accelerator  is  shown  in  Fig.  1.  Thus,  the  rf  feedback 
system  has  worked  well  for  each  accelerating  module. 
The  maximum  rf  power  capacity  fed  by  the  rf  power 
supply  is  12  kW  for  the  pre-accelerators  and  100  kW  for 
the  main.  Under  the  present  configuration,  the  pre¬ 
accelerator  power  supply  restricts  the  maximum  beam 
current  to  6  mA  for  2  MV  operation.  We  need  to  replace 
power  supplies  for  pre-accelerators  for  the  higher  beam 
current  operation. 

The  optical  resonator  length  is  14.4  m  to  match 
the  repetition  rate  of  10.4125  MHz  of  the  electron  beam. 
The  main  characteristic  of  the  optical  cavity  and  undu- 
lator  is  listed  in  ref  [4,5].  The  hole  coupling  at  the 
downstream  mirror  is  estimated  to  be  0.15  %  and  used  to 
align  the  optical  cavity  mirrors  and  to  monitor  the  optical 
field.  The  Q-value  of  optical  resonator  is  91  determined 
by  the  decayed  time  constant  of  the  FEL  light.  The  ob¬ 
tained  optical  cavity  loss  is  1.1  %.  The  extraction  of  the 
laser  power  is  made  by  a  Au  coated  and  movable  scraper 
mirror  of  20  mm  diameter  supported  by  a  rod  of  1  mm 
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Fig.  1.  The  cavity  amplitude  and  phase  fluctuation  due  to  2 
mA  beam  loading  for  a  pre-accelerator  with  macropulse  width 
of  600  ps.  As  the  full  scale  of  the  cavity  field  is  200  mV,  the 
fluctuation  in  a  macropulse  is  below  0.5  %.  The  phase  fluc¬ 
tuation  is  below  1  degree.  An  amplifier  feed  forward  signal 
(Amp  FWD)  shows  the  power  provided  by  a  power  supply. 
The  figure  shows  that  two  times  larger  power  can  be  transmit¬ 
ted  to  the  cavity. 


Fig.  2.  The  solid  line  shows  FEL  power  outcoupled  by  a  mov¬ 
able  scraper  mirror,  and  measured  by  a  thermal  detector  (Spec- 
tra-Physics  407A).  The  dotted  line  shows  FEL  field  outcou¬ 
pled  thorough  a  hole  coupling,  and  measured  by  a  Ge-Cu  de¬ 
tector.  Both  data  were  obtained  with  macropulse  duration  of 
150  ps  and  10  Hz  at  the  same  time.  The  FEL  field  at  maxi¬ 
mum  outcoupling  decreased  to  70  %  of  its  maximum. 


diameter.  At  the  same  time  the  intensity  of  FEL  field  in 
the  resonator  cavity  was  measured  through  the  2  mm 
diameter  hole  coupling.  At  the  highest  power  extraction 
by  the  scraper  mirror,  the  FEL  field  decreased  to  about 
70  %  of  its  maximum  as  shown  in  Fig.  2. 

3.  A  path  towards  1  kW  oscillation  and  possible  im¬ 
provements 

In  a  case  of  the  electron  current  2  mA  and  en¬ 
ergy  15.5  MV,  the  total  beam  power  is  31  kW.  The  ex¬ 
traction  efficiency  is  estimated  to  be  0.375  %  from  the 
simple  formula  [6].  The  scraper  mirror  coupling  is  5.2  % 
from  a  calculation  and  the  measured  cavity  loss  is  1.1  %. 
The  KRS5  window  loss  is  estimated  to  be  70  %  for  25 
pm  FEL.  Finally  the  average  FEL  power  is  calculated  to 
be  47  W.  As  the  measured  power  is  scattered  around  40 
W,  they  are  almost  consistent  with  each  other. 

In  the  JAERI  FEL,  maximum  output  of  the  rf 
power  supply  for  the  pre- accelerators  is  12  kW,  and  that 
for  the  main  accelerators  100  kW.  Total  power  of  112 
kW  can  be  transferred  to  the  electron  beam  power.  In 
the  beginning  stage,  we  plan  to  concentrate  to  maximize 
theFEL  power  extraction  from  the  electron  beam  power. 
As  a  typical  case,  we  assume  the  electron  beam  current  6 
mA  and  the  energy  18  MV.  In  its  case  the  gain  is  calcu¬ 
lated  as  19.7  %  compared  with  the  present  case  of  7.9  % 
from  the  one-dimensional  approximation.  The  outcou¬ 
pling  is  estimated  to  be  13.6  %.  Finally  the  calculated 
average  power  is  estimated  to  be  183  W.  In  the  later 


stage,  we  plan  to  introduce  a  new  undulator  having  26 
wiggler  periods  in  order  to  increase  the  extraction  effi¬ 
ciency  twice.  However,  it  is  still  not  enough  to  reach  the 
1  kW  FEL  power. 

Therefore,  we  have  to  increase  the  electron 
beam  power  by  increasing  either  the  current  or  voltage 
or  both  of  them.  The  required  current  to  reach  1  kW 
FEL  power  is  18  mA.  The  18  mA  operation  in  the 
JAERI  FEL  would  be  possible  in  our  configuration  by 
using  familiar  technologies.  In  this  case,  two  20  kW 
power  supplies  for  the  two  pre-accelerators  and  the  ener¬ 
gy  recovery  system  for  the  main  accelerators  are  re¬ 
quired  to  feed  and  then  to  achieve  the  1  kW  FEL  light 
output. 
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Abstract 

This  paper  is  devoted  to  progress  in  an  experimental  study  of  an  FEM-amplifier  with  a  guide  magnetic  field  driven  by 
the  LKJ-3000  linac  (1  MeV  /  200  A  /  200  ns).  A  new  wideband  RF-input  scheme  based  on  the  effect  of  microwave  beam 
multiplication  is  suggested  for  the  experiment.  So  far  amplification  of  20  dB  has  been  obtained  at  the  frequency  of 
36.4  GHz. 


The  JINR-IAP  FEM-oscillator  with  guide  mag¬ 
netic  field  has  been  studied  on  the  basis  of  using  the 
LIU-3000  linac  |1,  2].  In  the  oscillator  with  a  two- 
mirror  Bragg  resonator  an  output  power  of  37  MW 
and  an  efficiency  of  26%,  the  highest  for  a  milli¬ 
meter  wavelength  band  FEM-oscillator,  were 
achieved  at  the  frequency  of  3 1  GHz  under  reversed 
guide  field  orientation. 

In  recent  experiments  an  FEM  amplifier  scheme 
has  been  developed.  We  suggest  a  new  broadband 
RF-input  (Fig.  1).  The  operating  principle  of  the  RF- 
input  is  based  on  the  effect  of  microwave  beam 
multiplication  [4],  In  accordance  with  this  effect,  a 
narrowly  directed  monochromatic  wave  with  cross- 
section  a ,  when  injected  into  a  wide  waveguide 
with  its  cross-section  A  >  a ,  excites  a  set  of 
eigenmodes  with  certain  definite  amplitudes  and 
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phases  such  that  at  a  distance  L-  A2 / pX  from  the 
input  of  the  wide  waveguide  the  field  looks  like  a 
set  of  p  split  wave  beams  with  amplitude  profiles 
identical  to  the  injected  beam.  In  principle,  the  new 
unit  makes  it  possible  to  separate  microwave  and 
electron  beams  and  to  provide  a  high  (up  to  100%) 
transformation  of  the  input  signal  into  the  operating 
wave  of  an  oversized  waveguide  without  any  obsta¬ 
cles  on  the  electron  beam  aperture.  Moreover,  this 
efficient  transformation  is  possible  in  a  rather  wide 
(about  10%)  frequency  range. 

For  this  project  the  RF-input  was  designed  with 
an  85%  input  signal  transformation  into  the  oper¬ 
ating  TEj  j  mode  of  a  circular  waveguide  in  the  fre¬ 
quency  region  from  32  to  37  GHz.  Results  of  “cold” 
microwave  measurements  are  presented  in  Fig.  2. 
Channel  1  corresponds  to  transformation  into  the 
interaction  region  and  channel  2  (the  remaining 


11-26 


30  cm 


Fig.  1  The  RF-input  scheme  based  on  the  effect  of  microwave  beam  multiplication. 


15%  of  the  input  signal)  is  designed  and  used  for 
on-line  monitoring. 

An  experimental  study  of  the  amplifier  is  carried 
out  on  the  LIU-3000  linac  (JINR,  Dubna)  which 
generated  electron  energies  of  0.8  MeV  and  a  200  A 
beam  current  pulse,  of  duration  ~200  ns,  at  a 
repetition  rate  up  to  1  Hz.  The  helical  wiggler  of 
period  6  cm  and  transverse  magnetic  field 
amplitude  of  up  to  3.5  kG  is  used  to  drive  the 
electron  transverse  oscillations.  The  wiggler  was 
immersed  in  a  uniform  axial  magnetic  field 
generated  by  a  solenoid.  The  strength  of  this  field 
could  be  varied  up  to  7  kG.  The  reversed  guide 
magnetic  field  regime  is  chosen  for  FEM  operation. 


Fig.2  Results  of  “cold”  microwave  measurements  of  the 
RF-input:  transformation  coefficient  versus  frequency. 


A  magnetron  with  a  frequency  of  36.4  GHz  was 
used  to  drive  the  amplifier.  At  the  present  stage  of 
the  experiment  an  amplification  of  20  dB  and  an 
output  power  of  5  MW  were  obtained  when  the 
beam  of  current  of  110  A  was  utilized.  We  expect 
that  at  the  next  stage  an  improvement  in  the  beam 
transport  through  the  new  unit  and  the  use  of  the 
full  beam  current  produced  by  the  accelerator  (about 
180  -  200  A)  will  increase  the  amplification  and 
output  power. 

This  work  is  supported  by  grants  97-02-16643 
and  97-02-17379  of  Russian  Foundation  for  Basic 
Research. 
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A  proof-of-principle  experiment  to  accelerate  electrons  via 
the  inverse  FEL  interaction  at  microwave  frequencies  has 
been  in  development  for  several  years  at  Yale  University 
and  Omega-P,  Inc.  Since  inverse  FEL  acceleration  using  a 
transverse  wiggler  field  was  proposed  by  Palmer  in  1972  [1] 
it  has  been  extensively  studied  theoretically  [2];  groups  at 
Columbia  University  and  at  Brookhaven  have  demonstrated 
some  acceleration  at  optical  wavelengths  using  the  IFEL 
mechanism  [3,4],  but  neither  attempted  to  exhibit  high 
trapping  fractions  or  large  energy  gain.  The  Yale 
accelerator,  known  as  the  Microwave  Inverse  FEL 
Accelerator  or  MIFELA,  is  intended  to  demonstrate  the 
IFEL  principle  with  strong  trapping  [5],  and  will  give  the 
opportunity  to  explore  the  possibilities  of  this  mechanism 
with  regard  to  phase  stability  and  beam  quality.  Simulation 
results  and  details  of  the  experimental  hardware  will  be 
presented  here;  operation  and  data  collection  are  expected  to 
begin  in  the  very  near  future. 

The  acceleration  structure  of  MIFELA  is  a  cylindrical 
waveguide  into  which  RF  power  at  2.856  GHz  enters  via 
two  feeds  90°  apart,  creating  a  circularly  polarized  traveling 
wave.  The  waveguide  is  operated  in  the  TEi  \  mode  and  is 
near  cutoff  (n=  col  ck  =  0.2)  to  minimize  the  magnet  bore 
size  and  maximize  acceleration  gradient.  The  undulator  field 
is  provided  by  a  bifilar  helical  winding  which  is  pulsed  at 
high  current  and  which  is  tapered  in  pitch  for  maximum 
acceleration  gradient;  the  undulator  parameter  aw  varies  from 
2.4  to  2.75  at  an  initial  period  of  11.75  cm.  An  axial 
magnetic  field,  also  tapered,  is  used  for  orbital  stability  and 
guiding.  Profiles  of  the  fields,  which  have  been  optimized 
through  simulation  studies,  are  shown  in  Fig.  1.  The 
particle  source  for  the  experiment  is  a  2-1/2  cell  RF  gun, 
which  produces  5-10  ps  bunches  of  up  to  10^  electrons  at  6 
MeV  with  low  emittance.  Up  to  25  MW  of  RF  power  is 
available  from  a  SLAC-type  klystron  and  is  divided  between 
the  gun  and  accelerator,  insuring  that  beam  and  RF  are  in 
phase.  Beam  focusing  and  energy  selection  are  carried  out 
by  a  19-element  beamline  and  achromat  before  injection 
into  the  accelerator.  Numerical  studies,  discussed  further 
below,  indicate  that  with  15  MW  of  RF  power,  such  a 
beam  will  be  accelerated  to  6.7  MeV  over  95  cm,  and  that 
this  result  can  be  scaled  to  higher  energies.  Beam  loading 
is  expected  to  be  negligible. 

Since  the  long  wiggler  period  gives  rise  to  relatively 
large-diameter  beam  orbits,  the  beam  travels  first  through 
an  injection  region  (occupying  the  first  5  wiggler  periods) 
in  which  the  wiggler  and  guiding  fields  are  gradually  ramped 
up  from  zero  to  their  acceleration  values,  so  that  the  beam 


can  be  ‘spun  up’  to  its  final  gyration  radius  while  ensuring 
that  the  orbits  remain  centered  on  the  axis  [6];  little  energy 
change  occurs  in  this  region  in  computations  (See  Fig.  1). 
Maximal  orbit  stability  is  obtained  with  a  nonlinear 
wiggler  field  up-taper,  as  shown.  The  beam’s  transverse 
velocity  is  converted  to  axial  velocity  by  tapering  the  fields 
down  to  zero  again  at  the  end  of  the  device. 

Simulation  results 

Numerical  simulations  of  acceleration  in  the  MIFELA 
have  been  computed  using  a  fully  nonlinear,  three- 
dimensional,  slow  time-scale  FEL  simulation  code  written 
by  Freund  and  Ganguly  and  known  as  ARACHNE,  which 
has  been  benchmarked  extensively  against  FEL  experiments 
[7].  The  injected  beam  for  these  model  calculations  is 
assumed  to  be  evenly  spread  in  azimuth  and  radius,  with  an 
outer  radius  of  0.7  mm,  and  centered  on  axis  with  no  energy 
spread.  Injection  in  the  correct  phase  window  for 
acceleration  is  essential  [8];  note,  however,  that  at  these 
long  RF  wavelengths,  the  phase  window  being  used  is 
almost  negligibly  small.  A  conservative  estimate  of  7t/10 
(i.e.,  a  17  ps  bunch)  was  used  for  these  simulations. 

Fig.  1  shows  the  average  value  of  the  energy  parameter  y 
over  the  MIFELA.  In  the  entry  and  exit  regions,  there  is 
little  change  in  energy.  The  gradient  in  the  acceleration 
region  is  essentially  constant  at  0.81  MeV/m.  After 
extraction,  the  beam  transverse  velocity  has  nearly  vanished 
(P±  =  0.03)  and  the  beam  may  be  analyzed  in  a 
spectrometer.  Output  energy  spread  is  2%  for  all  particles 
in  the  simulation. 
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Fig.  1.  Axial  (short  dashes)  and  wiggler  (long  dashes) 
magnetic  field  profiles  in  MIFELA,  together  with  average 
computed  electron  energy  factor  y  (solid  line). 
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TABLE  1.  Experimental  parameters  for  MIFELA. 


Entry  region  (0  <z<  58.75  cm) 
Electron  beam  energy 
Electron  beam  radius 
Wiggler  field 

Axial  magnetic  field 
Wiggler  period 
Wiggler  radius 
Peak  electron  beam  current 
Macropulse  length 


y  =  12.8 
rb  =  0.7  mm 
Bw  =  0-2.2  kG, 
sine-squared  ramp 
Bz  =  0-1.7  kG,  linear 

A*,  =  11.75  cm,  constant 
rw  -  3.84  cm 
4  =  <0.1  A 
tp  =  2\is 


Acceleration  region  (58.75  cm  <  z  < 
Waveguide  radius 
Free-space  RF  wavelength 
Waveguide  index 
Input  RF  power  level 
Normalized  RF  field  strength 

Wiggler  period 

Wiggler  coil  radius 
Wiggler  current 
Wiggler  field  strength 
Axial  magnetic  field 


151.5  cm) 

R  ~  3.14  cm 
Ay  =  10.5  cm 
n  =  0.2 
Pin  =15  MW 
as  =  0.14, 
circularly  polarized 
Xw  =  11.75-12.32  cm, 
linear  ramp 
rw  =  3.84  cm 
Iw  <  60  kA 
Bw  =  2. 2-2.3  kG 
Bz  =  1.7-1.61  kG 


directly  onto  pipe  (to  diagnostics) 


I _ 1 _ I - 1 - 1 - 1 

0  50  cm 

Fig.  2.  Schematic  diagram  of  the  MIFELA,  showing  input  and 
output  couplers  for  RF  on  either  end  of  the  acceleration 
waveguide  itself,  the  wiggler  helix  wound  directly  onto  the 
beam  pipe,  and  the  axial  field  coils.  The  resistive  shunts 
which  are  used  to  create  the  initial  field  up-taper  are  shown 
symbolically. 

Future  prospects 

The  construction  of  MIFELA  is  essentially  complete, 
and  operation  is  expected  to  begin  very  shortly.  The 
experiment  is  intended  to  investigate  IFEL  dynamics  in 
detail,  and  also  to  explore  the  phase  response  of  the  IFEL 
and  its  applications  to  beam  bunchers  of  interest  to 
accelerator  physicists.  While  this  experiment  operates  at 
low  power,  a  MIFELA  scaled  to  150  MW  of  34  GHz  RF 
power  is  estimated  to  have  an  acceleration  gradient  of  at 
least  40  MV/m,  which  could  make  it  a  useful  high-energy 
accelerator  component. 


Technical  design 

A  schematic  drawing  of  the  structure,  consisting  of  the 
acceleration  waveguide  and  couplers  for  RF  input  and 
output,  is  shown  in  Fig.  2.  The  15-period  wiggler  is 
powered  by  a  capacitor  bank  capable  of  delivering  over  50 
kA  with  a  pulse  length  of  about  40  fisec.  The  heavy-gauge 
copper  windings  of  the  wiggler  are  wound  directly  onto  the 
outside  of  the  waveguide,  which  is  also  the  vacuum  vessel, 
over  a  layer  of  insulator.  Because  the  beam  dynamics 
depend  sensitively  on  the  wiggler  field  profile  at  injection, 
the  wiggler  field  is  brought  up  from  zero  to  its  initial  value 
with  a  nonlinear  taper  that  is  calculated  to  give  optimum 
orbit  stability;  this  up-taper  is  achieved  with  a  series  of 
resistive  shunts  between  the  two  wiggler  windings,  which 
are  spaced  so  as  to  give  the  correct  current  profile.  An 
insulating  spacer  of  varying  thickness  is  used  to  control  the 
winding  period  accurately  as  it  is  tapered  along  the 
structure.  The  axial  field  is  provided  by  a  series  of  18  coils, 
independently  controlled  by  computer,  which  can  produce 
the  desired  profile. 

Initial  testing  of  the  accelerator  systems  has  included 
diagnostics  on  the  beam,  performance  tests  of  the  beamline, 
and  wiggler  field  measurements.  The  Yale  2-1/2  cell  RF 
gun  has  been  operated  at  beam  energies  from  3  to  7  MeV 
and  has  produced  bunches  of  up  to  10^  electrons.  Use  of 
the  beamline  achromat  to  remove  the  initial  beam  energy 
spread  has  produced  beam  spot  sizes  on  the  order  of  the  0.7 
mm  radius  used  in  the  simulations  discussed  above.  A 
pulsed  undulator  field  of  up  to  2.5  kG  has  been 
demonstrated  to  be  attainable. 
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Abstract 

The  initial  measurements  from  lasing  of  the  IR  Demo  laser  are  presented.  Early  operation  was  around  5  microns.  Both 
pulsed  and  CW  operation  were  achieved.  Spectra  at  various  detunings  and  outcouplings  are  shown.  Up  to  31 1  Watts  of  CW 
power  was  produced. 


1.  Introduction 

The  IR  Demo  laser  was  operated  with  an  electron 
energy  of  38  MeV  and  60  pC  of  charge  per  bunch. 
For  other  parameters  see  ref  [1].  The  electron  bunch 
length  was  minimized  using  the  coherent  transition 
radiation  from  an  aluminum  foil,  and  estimated  to  be 
in  the  order  of  one  picosecond  FWHM  [2]. 

The  normal  micropulse  repetition  frequency,  for  one 
optical  pulse  circulating  in  the  laser  cavity,  is 
18.7125  MHz.  The  cavity  was  surveyed  during  its 
assembly  to  be  set  at  the  synchronous  length  for  this 
frequency  to  within  100  pm,  and  an  adjustment  by 
some  60  pm  sufficed  to  obtain  first  lasing. 

A  mirror  with  98%  reflection  was  used  as  the  out- 
coupler  in  the  initial  runs,  to  facilitate  start-up  of  the 
laser.  This  outcoupler  was  later  replaced  by  one  with 
90%  reflection,  for  more  output  power. 

To  check  the  effect  of  larger  outcoupling,  or  lower 
effective  gain,  the  electron  bunch  repetition  fre¬ 
quency  was  reduced  by  successive  factors  of  two,  so 
that  the  optical  pulse  experienced  gain  only  in  14,  'A, 
etc.,  of  its  roundtrips. 

2.  Small  outcoupling 

In  Fig.  1  we  show  the  cavity  detuning  curve  under 
standard  conditions  with  the  98%  reflective  outcou¬ 
pler.  Lasing  was  insensitive  to  beam  parameters  and 
optical  alignment.  The  width  of  the  curve  and  the 
strongly  increasing  power  near  zero  detuning  also 
show  that  the  laser  operates  far  above  threshold. 
Some  spectra  of  the  output  radiation  are  illustrated 
in  Figs.2-4.  In  Fig.2,  the  cavity  is  shortened  by  20 


Fig.  1  Cavity  detuning  curve,  2%  outcoupling 

pm  from  its  synchronous  length,  leading  to  a  narrow 
spectrum.  In  this  large  detuning  case,  the  optical 
pulse  develops  an  exponential  slope  at  its  leading 
edge,  with  a  length  determined  by  the  cavity  loss 
and  by  the  amount  of  detuning  [3],  The  observed 
full  width  at  half  maximum  of  about  4  nm  for  the 
main  peak  in  Fig.  2  corresponds  to  a  3  ps  1 /e-time 
for  the  pulse  slope.  This  would  indicate  a  cavity  loss 
of  about  4%  rather  than  the  2.8%  total  mirror  loss 
expected  at  this  wavelength. 
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Fig.  2.  Spectrum  at  20  pm  cavity  detuning 


*Work  supported  by  the  U.S.  Department  of  Energy  under  contract  DE-AC05-84-ER40150,  the  Office  of  Naval  Research, 
the  Commonwealth  of  Virginia,  and  the  Laser  Processing  Consortium. 


11-30 


The  origin  of  the  smaller  peak,  shifted  to  shorter 
wavelengths  by  53  nm,  or  1.1%,  is  not  yet  ex¬ 
plained. 
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Fig.  3.  Spectrum  at  2  micron  cavity  detuning 

A  prominent  sideband  is  seen  in  Fig.  3,  at  2pm  de¬ 
tuning.  This  indicates  an  intracavity  power  high 
enough  to  excite  a  sideband  instability.  At  a  slightly 
longer  cavity  length,  as  shown  in  Fig.  4,  the  meas¬ 
ured  spectrum  suggests  that  the  intracavity  power 
has  reached  the  regime  of  chaotic  electron  dynam¬ 
ics. 


Fig.  4.  Spectrum  at  near-zero  cavity  detuning 


Lasing  could  still  be  maintained  with  a  reduction  of 
the  electron  bunch  frequency  by  a  factor  of  8,  which 
means  that  the  gain  is  at  least  25%  per  pass. 

The  results  described  so  far  were  obtained  with  an 
electron  beam  consisting  of  macropulses  of  200  ps 
duration,  repeated  at  2  Hz.  Next,  the  laser  was  oper¬ 
ated  in  the  CW  mode,  and  a  stable  output  of  155 
Watts  was  obtained. 


3.  Large  outcoupling 

In  a  second  experimental  run,  an  outcoupler  with 
90%  nominal  reflection  was  used.  Again,  detuning 
curves  and  spectra  were  measured  for  different  mi¬ 
cropulse  repetition  rates  and  also  for  a  series  of  dif¬ 
ferent  bunch  charges.  The  saturated  output  power  at 


small  detuning  is  reduced  roughly  by  the  same  fac¬ 
tor  as  the  average  current  in  both  cases.  The  appear¬ 
ance  of  the  detuning  curves  is  different,  however, 
because  the  effective  detuning  increases  when  the 
optical  pulse  has  to  make  more  roundtrips  before 
meeting  an  electron  bunch  again. 

An  example  of  the  spectrum  at  small  detuning,  un¬ 
der  otherwise  standard  conditions,  is  shown  in 
Fig.  5.  The  fine-structure  is  due  to  absorption  by  at¬ 
mospheric  water  vapor.  The  presence  of  the  side¬ 
band  at  the  long  wavelength  side  shows  that  the  re¬ 
gime  of  nonlinear  saturation  is  still  reached  with  the 
outcoupling  of  11%  at  this  particular  wavelength. 
While  the  output  power  is  increased,  the  intracavity 
power  is  lower  than  in  the  small-outcoupling  case, 
which  reduces  the  load  on  the  cavity  mirrors. 

In  CW  operation,  an  output  power  of  3 1 1  Watts  was 
achieved  with  the  nominally  10%  outcoupling  mir¬ 
ror. 


Fig.5.  Spectrum  at  1  micron  cavity  detuning,  11%  out¬ 
coupling 


4.  Conclusion 

The  first  measurements  on  the  laser  output  show 
that  the  IR  Demo  basically  lases  as  expected,  al¬ 
though  some  details  merit  further  study. 
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Abstract 

This  paper  presents  the  progress  of  the  FELICITA  I 
experiment,  under  commissioning  at  the  storage  ring 
DELTA.  This  Free-Electron  Laser  is  based  on  an 
electromagnetic  undulator.  This  undulator  cannot  only  be 
operated  as  a  conventional  undulator,  but  also  in  the 
optical  klystron  configuration.  Due  to  the  higher  gain,  this 
operation  mode  is  chosen  for  the  commissioning. 

During  the  commissioning  [1],  the  machine  was 
characterised  at  different  energies  between  300 — 800 
MeV.  Due  to  the  experience  made  during  this  process,  the 
commissioning  energy  was  fixed  to  450  MeV.  The  start¬ 
up  wavelength  is  fixed  to  470  nm  operating  the  undulator 
at  a  K  of  2.  During  the  last  runs  the  optical  cavity  was 
commissioned  with  beam,  and  losses  as  low  as  1.5%  have 
been  demonstrated.  Using  this  value  and  the  measured 
electron  beam  characteristics,  the  threshold  average 
current  was  calculated  to  be  about  7  mA. 


Fig.  1:  Layout  of  DELTA.  FELICITA  I  is  located  in 
the  northern  superstraight.  Two  FEL  beamlines  are 
available  to  probe  the  radiation  coupled  out  through 
upstream  and  downsteam  mirror. 

1  INTRODUCTION 

Free-Electron -Lasers  (FEL)  have  been  one  of  the  main 
goals  of  the  DELTA  facility  just  from  the  start  of  the 
project.  This  idea  had  a  serious  impact  on  the  design  of 
the  storage  ring.  To  guarantee  a  low  impedance,  the 
vacuum  system  was  designed  under  the  prerequisite  to 
avoid  all  changes  of  the  cross  section  of  the  vacuum 
chamber.  This  implied  the  design  of  new  kicker  magnets 
[2]  and  other  low  impedance  vacuum  components  [3]. 
Due  to  the  combination  of  all  these  measures,  the  overall 


impedance  of  the  vacuum  system  was  calculated  to  be  Z/n 
=  0.4  D  [4]. 

In  order  to  start  a  long  term  FEL  program  aiming  for 
operation  within  the  regime  of  100  nm,  a  first  milestone 
was  defined  with  the  FELICITA  I  project  addressing  the 
visible  and  near  UV  [5]. 

2  SETUP  OF  THE  FELICITA  I 
EXPERIMENT 

The  first  FEL  designed  for  the  DELTA  facility  is  called 
FELICITA  I.  With  a  undulator  period  of  25  cm  and  a  K 
value  below  3,  it  is  possible  to  operate  this  FEL  in  the 
visible  part  of  the  spectrum.  Due  to  the  long  period  length 
the  undulator  is  constructed  as  an  electromagnetic  device, 
featuring  two  operation  modes.  The  magnet  can  either  be 
operated  as  a  conventional  FEL  or  in  the  optical  klystron 
configuration  usual  for  storage  ring  FELs. 

As  shown  in  Fig.  1,  this  design  allows  for  an  optical 
cavity  of  14.4  m  mirror  distance,  corresponding  to  4 
bunch  operation  of  DELTA. 


Energy  [MeV] 

Fig.  2:  The  start-up  energy  of  450  MeV  is  a  good 
compromise  between  emittance,  stability  and  FEL  gain. 


3  STATUS  OF  THE  COMMISSIONING 

During  fall  97,  the  storage  ring  was  characterised  at 
different  energies  including  the  operation  of  the 
undulator,  especially  in  the  low  energy  regime,  in  order  to 
figure  out  the  best  energy  for  FEL  operation.  It  was 
decided  to  start  the  commissioning  of  FELICITA  I  at  450 
MeV.  This  energy  was  chosen  as  a  compromise  between 
machine  stability  and  FEL  gain.  Furthermore,  the 
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measurements  indicate  a  minimum  of  the  emittance  at  this 
energy  (Fig.  2). 


Fig.  3:  Measurement  of  length  and  peak  current  with  a  fast 

photodiode  and  a  streak  camera,  respectively. 

The  commissioning  wavelength  is  fixed  to  470  nm,  to 
stay  well  in  the  visible.  At  450  MeV  this  wavelength 
corresponds  to  an  undulator  K  of  1.98.  Furthermore,  it 
was  decided  to  start  using  the  optical  klystron 
configuration  with  the  strongest  possible  dispersive 
section,  in  order  to  work  at  the  highest  possible  gain. 

During  the  450  MeV  runs  currents  up  to  24  mA  in 
single  bunch  mode  and  30  mA  in  4  bunch  operation  have 
been  achieved.  At  present,  the  4  bunch  operation  cannot 
be  used  for  the  FEL,  as  strong  synchrotron  oscillations 
disturb  the  accuracy  of  the  spacing  between  the  4 
bunches.  For  single  bunch  operation  a  simple  feedback 
system,  acting  on  the  RF  phase  of  the  transmitter,  was 
used  to  suppress  the  longitudinal  oscillations  in  the  RF 
bucket.  Fig.  3  shows  the  bunch  length  and  peak  current  of 
DELTA,  measured  with  a  fast  photodiode  and  a  streak 
camera,  respectively3. 

The  optical  cavity  could  be  tuned  to  losses  as  low  as 
1.5  %  per  pass,  resulting  in  about  5  %  losses  per  electron 
pass  for  single  bunch  operation 

Collecting  all  data  taken  from  the  ring  and  from  the 
optical  cavity,  the  expected  threshold  current  for  lasing 
can  calculated  to  about  7  mA  for  single  bunch  operation 
(Table  1).  This  is  well  in  the  operation  regime  of  DELTA. 

Up  to  now,  two  periods  of  dedicated  FEL  runs  have 
been  performed.  During  the  first  period  in  winter  97/98 
the  electron  beam  had  the  required  performance,  but  the 
alignment  of  the  optical  cavity  and  the  matching  of  the 
electron  beam  to  the  optical  cavity  was  not  sufficient. 
This  could  be  improved  in  a  second  run  period  during 
spring  98,  but  due  to  a  shortcut  in  an  internal  sextupole 
magnet,  DELTA  could  not  provide  currents  high  enough 
to  reach  the  threshold.  The  next  beam  time  is  scheduled 
for  fall/winter  98. 


3  The  measurements  with  the  streak  camera  have  been  recorded 
during  a  demonstration  of  Hamamatsu,  Germany  at  DELTA. 


4  CONCLUSION 

The  FELICITA  I  experiment  at  DELTA  is  under 
commissioning.  Both  the  required  electron  beam  quality 
as  well  as  the  operation  of  the  undulator  and  the  optical 
cavity  have  been  demonstrated.  Therefore,  the  successful 
operation  of  this  device  is  expected  in  the  near  future. 

ACKNOWLEDGEMENT 

The  DELTA  FEL  group  would  like  to  thank  all  the 
people  supporting  the  FEL  activities  at  DELTA, 
especially  A.  Renieri  and  the  Super  ACO  FEL  team,  for 
their  continuous  support. 


ef:  Beam  Parameter  ; 

•  FEL  -• 

Op.  KJysL ' 

Number  of  Bunches 

1 

i 

Bunchlength  (FWHM) 

ps 

90 

90 

Energy  Spread 

7.500E-04 

7.500E-04 

natural  Emittance 

m  rad 

1.940E-08 

1.940E-08 

Beam  Energy 

MeV 

456 

453 

Dhdyiatcaii’hr  afh'efef . ! :  :!:.i 

:  "  2,000 

1,980 

Periodlength 

mm 

250 

250 

Number  of  Periods 

19 

7 

Slippage  Parameter  Nd 

l,138E+02 

Optical  Cavity 

Wavelength 

him 

470 

Mirror  Refl.  per  Pass 

98,676% 

98,676% 

Mirror  Refl.  per  e-  Pass 

94,806% 

94,806% 

Cavity  Length 

m 

14,4 

14,4 

Radius  of  Curvature 

m 

8,0 

8,0 

Beam  Waist 

m 

5.992E-04 

5,992E-04 

Raileigh  Length 

PEL  Performance  Data 

m 

2,40 

2,40 

TJFaktor 

6,^29E-01 

6,553E-01 

Filling  Factor 

2.784E-01 

3,755E-01 

Current  Density  *  FF 

A/mA2 

7,669E+07 

6.615E+07 

Colson  Current  per  mA 

1/mA 

1.6030E-02 

8,046E-04 

1  +  Nd/Nu 

1,726E+01 

Energy  Spread  Gain  Deg. 

Gam  Cuttctws 

5.229E-01 

Gain  per  mA 

J/mA 

0,22% 

0,73% 

Laser  Threshold 

% 

5,19% 

5,19% 

Theshold  Current 

mA 

24,00 

7,15 

REFERENCES 

[  1]  U.  Berges  et  al.,  Status  of  the  Dortmund  Electron 
Test  Accelerator  Facility,  Proc.  of  the  EPAC  98, 
Stockholm,  Sweden 

[2]  G.  Blokesch  et  al.,  A  Slotted-Pipe  Kicker  for  High- 
Current  Storage  Rings,  Nucl.  Instr.  &  Meth.  A338, 
1994,  pi 5 1 

[3]  B.  Hippert  et  al.,  The  DELTA  Vacuum  System,  Proc. 
of  the  EPAC  96,  Sitges,  Spain 

[4]  M.  Negrazus,  Ph.D.  Thesis,  University  of  Dortmund, 
1994 

[5]  D.  Nolle  et  al.,  FEL  Projects  at  DELTA,  Nucl.  Instr. 

&  Meth.  A296,  1990,  p263 


FREE  ELECTRON  LASERS  1998 
G.R.  Neil  and  S.V.  Benson  (Eds.) 
1999  Elsevier  Science  B.V. 


11-33 


Coherent  Harmonic  Generation  in  the  NIJI-IV  FEL 

K.Yamada3,  N.Seia,  H.Ohgakia,  T.Mikadoa  T.Yamazakib 

a  Electrotechnical  Laboratory,  1-1-4  Umezono,  Tsukuba,  Ibaraki  3058568  Japan 
b  Institute  of  Advanced  Energy,  Kyoto  University,  Gokasho,  Uji,  Kyoto  611,  Japan 


Abstract 

Coherent  harmonic  generation  (CHG)  is  an  attractive  method  to  obtain  tunable  coherent  light  at  the  vacuum  ultraviolet 
(VUV)  range  in  a  low-gain  free  electron  laser  (FEL)  system.  To  study  the  feasibility  of  the  CHG  in  the  NIJI-IV  FEL,  third 
harmonic  of  a  pulsed  NdYAG  laser  was  introduced  onto  the  stored  beam  in  the  NIJI-IV  as  a  source  for  electron  bunching. 
A  small  sub-peak  reproducibly  appeared  on  the  fifth  harmonic  line  with  the  YAG  laser  on,  which  can  correspond  to  the 
coherent  harmonic  photons  at  71  nm. 


1.  Introduction 

At  the  electrotechnical  laboratory  (ETL)  efforts  to 
shorten  the  FEL  wavelength  toward  the  vacuum 
ultraviolet  (VUV)  are  being  made[l,2]  in  the  NIJI-IV  FEL. 
To  obtain  a  direct  lasing  in  the  VUV,  it  is  essential  to 
achieve  sufficient  FEL  gain  to  overcome  a  large  optical  - 
cavity  loss.  Coherent  harmonic  generation  (CHG)  is 
another  attractive  method  to  obtain  tunable  coherent  light 
especially  at  the  wavelengths  shorter  than  ~  150  nm 
where  optical-cavity  loss  will  be  much  larger.  We 
already  investigated  the  spectral  characteristics  of  higher 
harmonics[3]  from  the  NIJI-IV  FEL  system,  aiming  at  the 
generation  of  coherent  VUV  photons  through  CHG 
process.  Recently  we  started  to  introduce  the  third 
harmonic  of  a  pulsed  NdYAG  laser  to  realize  the  CHG  in 
the  NIJI-IV  FEL.  Here  we  report  our  CHG  system  and 
some  preliminary  experimental  results. 


2.  Experiment 

The  experimental  setup  is  shown  in  Fig.l.  The  third 
harmonic  at  355  nm  of  a  pulsed  NdYAG  laser  was 
focused  onto  the  electron  beam  in  the  6.3-m  optical 
klystron  (OK)  as  an  external  source  for  electron  micro- 
bunching.  The  beam  energy  of  the  NIJI-IV  and  the 
deflection  parameter  K  of  the  OK  were  set  at  309  MeV 
and  2.27  to  obtain  the  fundamental  undulator  radiation  of 
355  nm.  The  NIJI-IV  was  operated  in  single  bunch  mode 
to  suppress  coupled  bunch  instability  and  to  obtain  higher 
peak  beam  current  with  smaller  beam  energy  spread.  The 
YAG  laser  can  generate  the  pulse  energy  of  400  mJ  at 
355  nm  by  nonlinear  frequency  up-conversion  with  its 
rating  frequency  of  10  Hz.  Considering  the  pulse  width 
of  ~5  ns,  the  laser  peak  power  is  estimated  to  be  ~  80 
MW.  Equipped  with  an  injection  seeder,  this  laser  can 
operate  with  a  single  longitudinal  mode. 

Coincidence  between  the  electron  bunch  and  the 
YAG  laser  is  most  delicate  and  important  point  in  the 
CHG  experiment.  To 
operate  the  YAG  laser  at  10 
Hz  synchronously  with  the 
electron  bunch  with  the 
revolution  frequency  of  10.1 
MHz,  a  careful  trigger 
system  for  the  YAG  laser 
based  on  the  ring  RF  signal 
was  assembled.  As  a 
result,  the  YAG  laser  was 
synchronized  with  the 
electron  bunch  with  a  long¬ 
term  drift  of  ±  2  ns  which 
is  in  acceptable  level  for 
this  experiment. 

The  YAG  laser  was 
focused  on  to  the  electron 
bunch  in  the  modulator 
undulator  of  the  OK  with  a 
quartz  lens.  The  focal 


Brewster  plato 

Fig.l  Experimental  setup  for  CHG  on  the  storage  ring  NIJI-IV. 
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length  of  the  lens  and  the  Rayleigh  range  of  the  focusing 
laser  beam  was  5  m  and  0.7  m,  respectively.  Since  the 
focal  spot  size  is  estimated  to  be  0.06  cm  in  diameter,  the 
laser  intensity  can  reach  3  x  1010  W/cm2  at  its  focal  region. 

The  output  light  from  the  OK  was  partly  reflected  by 
a  quartz  flat  placed  with  the  Brewster's  angle  for  355-nm 
light  and  sent  to  the  spectrum  measurement  system.  To 
observe  the  harmonics  in  the  VUV,  a  real-time  spectrum 
measurement  system  based  on  a  ultra-high  vacuum  0.2-m 
monochronator  was  used.  This  monochromator  was 
equipped  with  a  three-stage  microchannel  plate  (MCP) 
and  a  phosphor  as  a  highly  sensitive  VUV  detector.  By 
transferring  the  spectrum  on  the  phosphor  to  the  CCD 
camera  with  imaging  optics,  we  can  make  a  real-time 
observation  of  the  VUV  spectrum  with  very  high 
sensitivity.  In  this  experiment,  the  coherent  VUV 
photons  should  be  emitted  with  10  Hz,  the  YAG 
repetition  frequency,  while  the  incoherent  photons  are 
generated  with  10.1  MHz,  the  electron  beam  revolution 
frequency.  Therefor,  the  first  stage  of  the  MCP  was  gated 
by  a  1-kV  and  200-ns  signal  to  improve  the  signal-to- 
noise  ratio. 

3.  Preliminary  results  and  discussion 

Harmonic  radiation  from  the  OK  includes  coherent 
and  incoherent  components,  according  to  the  degree  of 
micro-bunching.  From  our  previous  estimation[3],  we 
can  expect  a  larger  ratio  of  the  coherent  component  to  the 
incoherent  component  at  smaller  Nd  of  the  OK.  Therefor, 
Nd  was  set  at  a  rather  small  value  (~  5)  in  this  experiment. 
Figure  2  shows  a  spectrum  of  the  fundamental  OK 
radiation.  A  coarse  modulation  with  only  one  or  two 
peaks  is  found,  due  to  a  small  Nd.  The  YAG  peak  at  355 
nm  is  seen  as  a  sharp  spike  on  the  spectrum.  Although 
light  amplification  is  not  necessary  in  the  CHG  process, 
the  OK  condition  was  tuned  so  that  the  YAG  peak  lay  at 
the  wavelength  where  the  light  amplification  is  expected, 
to  identify  the  CHG  photons  in  the  VUV  range. 


Wavelength  (nm) 

Fig.2  Typical  spectrum  of  the  fundamental  OK  radiation. 
YAG  peak  at  355  nm  is  also  indicated. 


Fig.3  Typical  harmonic  spectra  around  140  nm 
obtained  with  YAG  laser  off  (a)  and  on  (b). 

The  average  beam  current  was  ~  8  mA. 

Figure  3  (a)  and  (b)  show  the  typical  VUV  spectrum 
around  140  nm  obtained  with  YAG  laser  off  and  on, 
respectively.  The  peaks  at  ~118  nm  and  ~142  nm 
correspond  to  the  third  harmonic,  3co,  and  the  second 
order  diffraction  of  fifth  harmonic,  5oo.  So,  the  peak 
observed  at  142  nm  lies  at  71  nm  actually.  The  peak  at 
3o>  is  overlapped  by  the  second  order  diffraction  of  6<d[3] 
and  the  third  order  diffraction  of  9co.  In  this  experiment, 
we  found  that  a  small  sub-peak  reproducibly  appeared  on 
the  5®  line  when  the  YAG  laser  was  on,  as  shown  in 
Fig.3  (b).  This  sub-peak  can  correspond  to  the  coherent 
fifth  harmonic  photons  at  71  nm.  Side  peak  was  not 
observed  on  the  3oo  in  this  experiment.  This  is  probably 
because  the  spectral  structure  on  the  3oo  was  disturbed  by 
overlapping  with  the  6co  and  9co. 

4.  Conclusion 

CHG  experiment  has  been  started  on  the  NIJI-IV 
FEL  system  by  introducing  the  third  harmonic  of  a  pulsed 
NdrYAG  laser.  In  a  preliminary  experiment,  a  small  sub¬ 
peak  was  reproducibly  observed  on  5oo  line  with  YAG 
laser  on.  This  sub-peak  can  correspond  to  the  coherent 
fifth  harmonic  photons  at  71  nm.  Further  experiment  will 
be  necessary  to  confirm  the  generation  of  coherent 
harmonics 
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1.  System  Description 

The  Visible  to  Infrared  SASE  Amplifier  (VISA)  experi¬ 
ment  [1],  proposed  by  a  collaboration  of  several  institutions  in 
the  United  States,  is  designed  to  provide  a  complete  test  of  the 
Self-Amplified-Spontaneous-Emission  (SASE)  Free-Electron- 
Laser  (FEL)  theory  in  the  wavelength  region  between  600  to 
800  nm.  The  experiment  will  be  carried  out  at  the  Accelera¬ 
tor  Test  Facility  (ATF)  at  the  Brookhaven  National  Laboratory 
(BNL).  The  ATF  linac  will  be  upgraded  for  this  experiment 
to  reach  the  required  electron  energies  of  up  to  85  MeV.  The 
present  schedule  for  the  experiment  aims  to  obtain  a  complete 
set  of  data  by  Spring  1999. 

The  VISA  undulator  comprises  four  99-cm  of  arrays  of  pure 
permanent  magnet  blocks  (segments)  with  a  period  length  of 
1 .8  cm.  Four  FODO  focusing  cells  per  99-cm  segment  are  su¬ 
perposed  on  the  beam  by  means  of  permanent  magnets  in  the 
gap  alongside  the  beam  to  maintain  an  average  /?-ffinction  of 
30  cm  at  600  nm  and  27  cm  at  800  nm.  The  FODO  cell  length 
is  24.75  cm  (one  quarter  of  a  segment  length),  a  compromise 
between  a  requirement  for  small  /3-funtions  and  practical  con¬ 
siderations.  The  magnet  positions  are  not  adjustable. 

Each  segment  has  two  beam  position  monitors  and  two  sets 
of  x-y  dipole  correctors.  The  trajectory  walk-off  in  each  seg¬ 
ment  is  reduced  to  a  value  smaller  than  the  rms  beam  radius 
by  means  of  magnet  sorting,  precise  fabrication,  and  post¬ 
fabrication  shimming  and  trim  magnets. 

Mechanical  and  magnetic  errors  of  the  undulator  that  remain 
after  sorting  and  installation  will  be  corrected  by  magnet  mea¬ 
surements  and  shimming.  The  magnet  measurements  will  use 
a  pulsed  stretched  wire  system  [2],  which  reads  the  electron 
trajectory  directly.  It  is  expected  that  the  random  walkoff  of  the 
trajectory  over  the  length  of  two  segments  can  be  kept  below  the 
rms  beam  radius.  However,  this  leaves  possible  inter-segment 
alignment  errors.  It  is  the  main  subject  of  this  paper  to  deter¬ 
mine  tolerances  for  this  alignment  process.  During  operation, 
the  beam  position  is  measured  with  intercepting  YAG  crystal 
beam  position  monitors,  which  are  located  at  the  25  and  75  cm 
points  of  each  segment.  The  beam  position  is  corrected  with 
a  pair  of  trim  coils  in  each  plane.  Kick  angles  of  up  to  about 
4  mrad  are  achievable. 

2.  Correction  Strategy 

Trajectory  correction  studies  have  been  performed  to  deter¬ 
mine  the  number  of  BPMs  required  per  quadruple  and  to  eval¬ 
uate  the  effectiveness  of  various  steering  methods.  Simulated 
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Table  1 :  Basic  VISA  FEL  Parameters. 


Electron  Beam  Parameters: 

Electron  Energy 

72.6-83.8  MeV 

Norm.  Electron  Beam  Emittance 

2  mm  mrad 

Peak  Current 

200  A 

RMS  Bunch  Length 

428  pm 

RMS  Beam  Radius 

62-60  pm 

Uncorrelated  Energy  Spread 

0.18-0.15  % 

Undulator  Parameters: 

Undulator  Period 

1.8  cm 

Peak  Magnetic  Field 

0.75  T 

Resonant  Wavelength 

600-800  nm 

FEL  Parameters: 

FEL  Parameter  p  (ID) 

88-77  x  10“4 

Rayleigh  Length 

30-38  mm 

Power  Gain  Length 

17.1-19.1  cm 

Error  Free  Saturation  Length 

3.4-3.8  m 

Quadrupole  Focusing  (FODO  Lattice): 

Cell  Length 

24.75  cm 

Quadrupole  Length 

9  cm 

Quadrupole  Gradient 

33.3  T/m 

Ave/3-ftmction 

0.27-0.30  m 

Electron  Trajectory  Correction: 

Steering  Coil  Separation  (Center) 

0.5  m 

Number  of  Steering  Coils  each  plane 

2/m 

Max.  Correction  Field 

50  G 

Effective  field  length 

20  cm 

Max.  Kick  Angle 

4.1-3.6  mrad 

Number  of  Crystal  Monitors  (BPMS) 

2/m 

e“  trajectories  are  generated  which  include  50  /xm  rms  ran¬ 
dom  quadrupole  magnet  and  BPM  misalignments  for  the  cases 
of  one  BPM  per  quadrupole,  one  BPM  per  2  quadruples,  and 
one  BPM  per  4  quadruples.  A  weighted  steering  is  performed 
using  a  dipole  corrector  well  upstream  of  each  BPM.  The  tra¬ 
jectories  are  then  used  in  the  FRED3D  code  to  test  their  impact 
on  FEL  gain  (see  description  below).  Only  the  trajectories  pro¬ 
duced  with  the  sparse  case  of  one  BPM  per  4  quadruples  show 
significant  impact  on  FEL  gain.  The  first  two  cases  are  supe¬ 
rior,  but  they  are  also  technically  impractical,  requiring  32  and 
16  total  BPMs,  respectively,  over  the  4-m  undulator.  The  third, 
more  practical,  case  of  8  total  BPMs  is  only  acceptable  if  post- 
fabrication  shimming  of  the  undulator  magnets  is  done  based 
on  alignment  measurements  of  the  quadrupole  centers  using  a 
pulsed  stretched  wire  [2].  With  this  method,  alignment  of  the 
quadruples  can  be  achieved  to  a  level  of  5-10  /xm  which  justi¬ 
fies  the  chosen  layout  of  one  BPM  per  4  quadrupoles  (2  BPMs 
per  99-cm  undulator  segment). 

In  this  configuration,  however,  beam-based  alignment,  as 
proposed  for  theLCLS  undulator  [3],  is  difficult  to  apply  to  the 
VISA  undulator.  Its  sparse  number  of  BPMs  per  quadrupole, 
finite  BPM  resolution,  and  the  limited  energy  stability  of  its  fo¬ 
cusing  array  negate  the  usefulness  of  this  method. 
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3.  Trajectory  Simulations 

To  test  the  impact  of  various  alignment  errors,  a  com¬ 
puter  code  was  written  which  generates  electron  trajectories 
through  the  undulator.  The  code  includes  misalignments  of  the 
BPMs  and  undulator  segments,  5-10  ftm  misalignments  of  the 
quadruples  within  the  segment,  and  a  weighted  steering  algo¬ 
rithm.  The  simulated  errors  included  in  the  code  are  summa¬ 
rized  below.  Each  effect  is  applied  independently  to  the  hori¬ 
zontal  and  vertical  planes. 

INTERNAL  SEGMENT  ERRORS:  Each  99-cm  undulator  seg¬ 
ment  includes  misalignments  of  its  8  quadrupole  magnets 
which  approximately  replicates  the  trajectory  produced  by  the 
pulsed  wire  alignment.  The  e“  trajectory  is  randomly  distorted 
but  bounded  by  ±50  /*m. 

EXTERNAL  SEGMENT  ERRORS:  Each  rigid  segment  is  ran¬ 
domly  misaligned  (gaussian)  at  both  ends  by  50-150  /tm  rms 
as  described  below. 

RANDOM  BPM  MISALIGNMENT:  Each  BPM  is  randomly 
misaligned  (gaussian)  by  50  /im  rms. 

WEIGHTED  STEERING  ALGORITHM:  BPM  readbacks  and 
associated  corrector  changes  are  simultaneously  minimized,  in 
a  least  squares  sense,  so  that  unnecessarily  large  corrections  are 
not  applied. 

No  incoming  trajectory  launch  errors  are  included  here.  It 
is  expected  that  such  effects  are  correctable  by  using  steering 
elements  and  mutually  aligned  BPMs  which  are  upstream  of 
the  undulator.  Several  different  rms  misalignments  and  random 
seeds  are  used  to  create  various  steered  e“  trajectories.  Each 
simulated  e-  trajectory  is  converted  to  a  set  of  undulator  dipole 
errors  which  replicates  both  the  horizontal  and  vertical  trajec¬ 
tories.  In  this  conversion,  the  ^-function  through  the  undulator 
is  taken  as  a  constant  since  FRED3D  requires  a  constant  focus¬ 
ing  gradient.  A  file  describing  the  set  of  relative  dipole  errors 
is  read  into  FRED3D  where  the  original  simulated  trajectory  is 
reproduced. 

4.  FEL  Simulations 

FRED3D  [4]  is  a  monochromatic  FEL  simulation  code  that 
simulates  the  interaction  between  the  electron  beam  and  the  op¬ 
tical  field  in  the  wiggler  of  an  FEL  amplifier.  In  each  half¬ 
period,  a  transverse  momentum  increment  corresponding  to  the 
magnetic  field  error  at  that  magnetic  pole  is  added  to  the  mo¬ 
tion  of  each  particle.  Recently,  the  code  has  been  modified  by 
its  author  [5]  to  accept  a  list  of  pairs  of  pole  errors  from  data 
files. 

Three  different  random  seeds  are  used  per  amplitude  of  mis¬ 
alignment,  External  segment  misalignments  of  50,  100,  and 
150  fim  rms  plus  a  constant  random  BPM  error  of  50  \i m  rms 
are  used,  for  a  total  of  9  different  tested  trajectories.  Fig.  1 
shows  an  example  horizontal  and  vertical  trajectory,  both  before 
and  after  the  weighted  steering  is  applied,  for  random  external 
segment'  and  BPM  misalignments  of  50  fim  rms.  The  small, 
bounded  internal  quadrupole  misalignments  are  also  included. 
The  simulations  use  a  4.95-m  undulator  (i.e.  one  additional  seg¬ 
ment)  so  that  the  saturation  length  can  be  calculated  well  past 
the  4-m  point. 
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Figure  1:  Horizontal  and  vertical  e”  trajectory  through  the  VISA 
undulator  before  (dashed,  <rm  —  238,  <ry  =331  /tm)  and  after 
(solid,  <rr  —  59,  crv  =  45  /im)  steering  for  50  /im  BPM  and  ex¬ 
ternal  segment  misalignments.  (Plot  symbols  indicate  BPM  loca¬ 
tions.) 

Each  trajectory  is  used  in  the  FRED3D  FEL  code  to  deter¬ 
mine  the  new  saturation  length.  Fig.  2  shows  the  saturation 
length  and  saturation  power  for  the  9  trajectories,  plotted  ver¬ 
sus  the  net  horizontal  and  vertical  rms  of  each  trajectory,  cr*iV. 
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Figure  2:  Saturation  length,  L,at,  and  power,  Ptat,  versus  com¬ 
bined  x  and  y  rms  amplitude  of  e“  trajectories.  The  solid  line  is  a 
polynomial  fit  to  the  data. 

The  data  are  fitted  to  empirical  polynomials  which  are  forced 
through  L0  =  3.6  m  and  Pq  =  50  MW,  respectively,  at 
<rXjy  =  0.  The  results  show  that  random  external  segment  and 
BPM  misalignments  should  both  be  <50  /t m  rms  in  order  that 
saturation  occurs  at  a  length  less  than  4  m. 
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Abstract 

The  well-known  Free  Electron  Laser  (FEL)  amplifier  simulation  code  TDA3D  has  been  upgraded  to 
include  most  of  the  important  features  needed  for  present  and  future  design  studies  of  VUV  and  X-ray 
single-pass  FELs.  A  number  of  bugs  have  been  removed  and  I/O  has  been  changed  and  extended  to 
make  it  more  flexible.  To  features  such  as  wiggler  errors,  quadrupole  misalignment  has  been  added  and 
corrector  coils  to  adjust  the  beam  trajectory.  In  addition,  multi-section  undulators  can  now  be  simulated 
with  arbitrary  (integrated  or  separated)  focusing  structures. 


1.  Introduction 

With  the  design  and  construction  of  Free  Electron 
Lasers  (FEL),  many  codes  have  been  developed 
over  the  years  in  order  to  describe  the  physics 
taking  place  in  different  regimes  (see  for  exam¬ 
ple  [1]).  One  such  code  was  a  code  developed  by 
T.-M.  Tran  and  J.S.  Wurtele  at  MIT,  a  Three  Di¬ 
mensional  Axi-symmetric  simulation  code  (TDA) . 
The  physics  in  this  code  has  been  well  described 
as  well  as  suggestions  for  updates,  such  as  the  in¬ 
clusion  of  space  charge  [2].  The  code  was  extended 
to  include  non-axisymmetric  modes,  space  charge 
modes  and  ion  channel  focusing  [3] .  The  version  of 
TDA  decribed  in  this  paper  is  based  on  this  code. 

There  are  several  new  features  of  importance  for 
future  VUV  and  X-ray  FELs.  The  undulator  can 
be  described  as  modules  with  driftspaces  in  be¬ 
tween.  In  addition  to  the  standard  FODO  lattice, 
an  arbitrary  focusing  structure  can  be  given  as  an 
additional  input  file.  In  order  to  simulate  the  in¬ 
fluence  of  wiggler  errors  more  realistically,  random 
displacement  of  quadrupoles  has  been  added.  Cor¬ 
rection  stations,  with  values  and  position  given  in 
the  same  input  file,  are  included.  Furthermore, 
the  possible  parameters  that  can  be  given  in  the 


output  file  has  been  extended  and  made  more  flex¬ 
ible. 

2.  Simulation  results 


Table  1.  Undulator  and  optics  parameters  for  the  TTF 
FEL  (Phase  I  at  230  MeV). _ _ _ 


Electron  beam 

. 

Peak  current 

500  A 

Normalized  rms  emittance 

27r  mm  mrad 

rms  energy  spread 

0.2  % 

average  beam  size 

77  fim 

undulator 

number  of  modules 

3 

length  of  module 

4.5  m 

period  length 

27.3  mm . 

undulator  peak  field 

0.497  T 

length  of  quadrupoles 

136.5  mm 

number  of  quads. /module 

10 

distance  between  quads. 

341  mm 

quad,  gradient 

12.5  T/m 

As  an  example,  the  TTF-FEL  parameters  have 
been  used  to  show  some  typical  output.  Parame- 
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Fig.  1.  Power  (top  figure)  and  electron  beam  ra dius  (bot¬ 
tom  figure)  along  the  TTF  undulator.  Relevant  parameters 
are  given  in  Table  1 . 


ters  are  given  in  Table  1.  The  undulator  consists 
of  multiple  modules.  In  Fig.  1,  the  power  growth 
and  the  beam  radii  in  both  directions  are  shown. 
The  FODO  structure  has  been  integrated  into  the 
undulator,  with  drift  section  field-free.  As  can  be 
seen,  the  variation  in  the  electron  beam  radius  is 
rather  large  for  this  FODO  lattice. 

The  possibility  for  calculating  wiggler  errors 
and  quadrupole  misalignment,  both  without  and 
including  correction,  is  also  shown.  Comparing 
the  corrected  beam  with  the  result  in  Fig.  1  shows 
that  the  power  has  been  reduced  by  less  than  a 
factor  of  two,  but  the  saturation  length  stays  vir¬ 
tually  the  same. 


Remarks:  The  Fortran  77  source  code  as  well 
as  the  manual  can  be  found  on  the  website: 

http://www.desy.de/~tda3d 


Acknowledgement:  The  authors  would  like 
to  thank  P.  Pierini  and  G.  Travish  for  there  feed¬ 
back  and  usefull  discussions. 


Fig.  2.  Power  along  the  TTF-FEL  undulator  includ¬ 
ing  undulator  dipole  field  errors  (rms  value  of  0.2%) 
and  quadrupole  misalignment  ( maximum  misalignment  is 
±  20  p.m.) 
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I.  Introduction 

A  Low-Energy  Undulator  Test  Line  (LEUTL)  is  un¬ 
der  construction  at  the  Advanced  Photon  Source  (APS) 
[1].  In  LEUTL  periodic  focusing  is  provided  by  external 
quadrupoles.  This  results  in  an  elliptical  beam  with  its 
betatron  oscillation  envelope  varying  along  the  undulators. 
The  free-electron  laser  (FEL)  interaction  with  such  a  beam 
will  exhibit  truly  3-D  effects.  Thus  the  investigation  of  3- 
D  effects  is  important  in  optimizing  the  FEL  performance. 
The  programs  GINGER  [2]  and  TDA3D  [3],  coupled  with 
theoretically  known  facts,  have  been  used  for  this  purpose. 
Both  programs  are  fully  3-D  in  moving  the  particle,  but 
model  the  interaction  between  particles  and  axially  sym¬ 
metric  electromagnetic  waves.  Even  though  TDA3D  can 
include  a  few  azimuthal  modes  in  the  interaction,  it  is  still 
not  a  fully  3-D  FEL  code.  However,  we  show  that  these 
2-D  programs  can  still  be  used  for  an  elliptical  beam  whose 
aspect  ratio  is  within  certain  limits. 

We  present  numerical  results  of  FEL  performance  for 
the  circular  beam,  the  elliptical  beam,  and  finally  for  the 
beam  in  the  realistic  LEUTL  lattice. 


are  the  results  from  TDA3D  and  GINGER  operating  in 
single-frequency  FRED  mode.  The  gain  lengths  from  the 
simulations  and  theory  are  similar  to  within  two  percent. 


Figure  1 

Comparison  of  results  from  GINGER  (SASE  and  FRED) 
and  TDA3D  and  M.  Xie’s  formula. 


II.  Matched,  Circular  Beam 

In  this  section  we  assume  a  long  planar  undulator  with 
symmetric  x-y  focusing  whose  strength  is  half  of  the  nat¬ 
ural  undulator  focusing.  We  also  assume  that  the  elec¬ 
tron  beam  is  matched,  namely  the  envelope  of  betatron 
oscillation  is  constant  along  the  undulator.  With  these  as¬ 
sumptions  we  present  in  Table  1  a  set  of  parameters  of  the 
LEUTL  FEL  that  can  be  considered  as  nominal  values  for 
this  study. 


Table  1 

Nominal  Parameters  for  LEUTL  FEL 


Energy 

E 

220.0 

MeV 

Energy  Spread 

dE 

0.1 

% 

Norm.  Emittance  (rms) 

Cn 

5.0 

mm-mrad 

Undulator  Period 

Au, 

3.3 

cm 

Undulator  Parameter  (Peak) 

K 

3.1 

Matched  (3 

A> 

1.46 

m 

Wavelength 

K 

516.75 

nm 

We  used  the  parameterization  developed  by  M.  Xie  [4] 
in  order  to  estimate  the  FEL  performance  and  compare 
with  the  result  from  the  GINGER  simulation  operated  in 
SASE  mode.  The  agreements  in  the  saturation  power  and 
length  are  excellent,  as  shown  in  Figure  1.  Also  shown 

Work  supported  by  U.S.  Department  of  Energy,  Office  of  Basic 
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III.  Matched,  Elliptical  Beam 


For  design  optimization  we  considered  betatron  focus¬ 
ing,  which  is  asymmetric  in  the  x  and  y  directions.  The 
matched  beam  will  have  elliptical  cross  section.  We  used  a 
three-dimensional  FEL  theory  generalized  to  this  case  [5]. 
There  it  was  shown  that  the  growth  rate  of  the  fundamen¬ 
tal  guided  mode  can  be  expressed  by  using  six  dimension¬ 
less  scaling  parameters 


Re(q) 

kwD 


(1) 


where  Re  (q)  is  the  growth  rate  in  the  exponential  growth 
regime.  The  growth  rate  is  related  to  the  power  gain  length 
Lg  as  Re(q)  —  1/2 Lg. 

We  solved  the  dispersion  relation,  specifically  Eq.  (39) 
in  Ref.  [5] ,  to  obtain  the  growth  rate  Re(q)  for  a  Gaussian 
beam.  One  of  the  results  is  shown  in  Figure  2,  where 
we  varied  the  aspect  ratio  Vx/vy  while  keeping  the  cross- 
sectional  area  the  same  as  the  circular  beam  considered  in 
the  previous  section.  The  growth  rate  is  normalized  by  the 
circular  beam  results. 

Based  on  the  above  results,  we  can  make  the  aspect  ratio 
of  the  beam  in  the  LEUTL  FEL  less  than  2  and  only  suffer 
a  reduction  in  the  growth  rate  of  less  than  5%  compared 
with  the  matched,  circular  beam  case. 

Also  presented  in  the  figure  are  the  results  from  TDA3D. 
These  results  were  generated  using  only  circular  optical 
mode,  whereas  the  results  from  theory  are  generated  using 
the  correctly  matched  elliptical  optical  mode.  From  these 
results  we  see  that  the  growth  rates  of  the  two  fundamental 
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guide  mode  types,  circular  or  elliptical,  are  very  close  to 
one  another  up  to  an  aspect  ratio  of  3.  This  has  practical 
implication  in  that  the  beam  aspect  ratio  along  the  LEUTL 
lattice  will  be  less  than  2.  We  see  that  we  still  can  use  the 
2-D  program  in  estimating  the  performance  of  the  LEUTL  c 
FEL. 


Figure  2 

Growth  rate  as  functions  of  beam  aspect  ratios. 

IV.  Beam  in  LEUTL  Lattice 

The  undulators  in  LEUTL  are  separated  by  a  drift  where 
a  horizontally  focusing  quadrupole  is  located.  Each  planar 
undulator  provides  the  necessary  vertical  focusing  to  the 
beam.  The  lattice  then  is  FOFO  in  the  horizontal  plane 
and  FODO  in  the  vertical  plane.  The  horizontal/vertical 
phase  advance  per  sector  is  110°/120°,  respectively.  The 
maximum  ^-function  beat  occurs  in  the  middle  of  the  un-  > 
dulator  where  /Jy//?*  2.0.  The  periodicity  of  the  electron  £ 

beam  envelope,  an  output  generated  by  the  TDA3D  sim¬ 
ulation,  is  shown  in  Figure  3.  Also  shown  is  the  radiation 
beam  size  along  the  LEUTL.  This  clearly  shows  the  gain- 
guiding  in  the  undulators  and  the  diffraction  in  the  drift 
spaces. 


Figure  4 

Gain  along  the  LEUTL  FEL. 

Finally,  we  show  a  result  for  the  undulators  with  an  error 
in  K.  We  consider  three  undulators  of  which  the  middle 
one  has  an  error  A  K.  Figure  5  shows  the  results  from 
TDA3D  for  A K/K  —  0,  ±0.5%.  For  A K  >  0  the  gain  is 
considerably  reduced,  but  the  growth  rate  becomes  larger 
than  AK=0  in  the  third  undulator  and  consequently  ends 
with  better  performance.  This  shows  the  effect  of  tapering 
and  an  optimization  on  the  saturation  length  is  underway. 


Figure  3 

Electron  and  radiation  beam  size  variation  along  LEUTL 
FEL. 

Using  TDA3D  simulation,  the  exponential  gain  in  the 
LEUTL  FEL  is  shown  in  Figure  4. 


Figure  5 

Effects  of  gap  variation  (tapering). 
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nearly  maintained  at  fee  initial  radius  and  t  is  dear  that  the  radiation 
is  tapped  by  the  electron  beam  until  the  power  saturates,  namely, 
z~9. Otn 


Fig  1  The  evolution  offberadiationpem^^ 

AsF=(a)6450nm,(b) 64.95 rm,(c)65.0nm 


Fig  2  Tte  evolution  oflbespctsKoffe 

2Ha)  6450  nm,  (b)  64.95 nm 


the  wavelength  64.90nm.  Due  to  toe  growth  of  toe  h^her  order 
Gauss-Laguerre  modes,  toe  radiation  radius  can  be  controlled  so 
as  not  to  diverge.  Fig.4  shows  toe  radial  profile  of  toe  radiation  at 
toe  points  z=(a)  0.75  m,  (b)  65  m,  (c)  9.0m  In  toe  case  of(b),  it  is 
found  that  toe  radius  is  aminimum  and  therefore  toe  radiation  gets 
more  gain 

In  Fig.  1 ,  an  initial  saturation  in  toe  case  of  Ag  ^64.90  nm  is  evi¬ 
dent  We  consider  tois  detail  due  to  toe  frequency  spectrum  nar¬ 
rowing  in  toe  exponential  grin  regime  [2]  or  to  toe  electron’s  over¬ 
shooting  resonance. 


Fig. 4 The  distribution  of normalizEd  radialpiofilefcr 
(a)  0.75  m,  (b)  65  m,  (c)  9.0  m 


Summary 

To  ana fyas  toe  amplification  characteristics  of  SASE  FEL,  we 
developed  toe  3-D  simrlation  code  using  toe  SDEmetood  Using 
this  code,  we  calculated  the  evolution  of  radiation  power,  ampli¬ 
tude  for  each  mode  and  radiation  amplitude  profile  for  tire  pa¬ 
rameters  of  a  FEL  at  FELT,  Osaka,  Japan.  And  it  is  confirmed  that 
the  radiation  is  partially  tupped  by  toe  electron  beam  in  the  ampli¬ 
fication  process.  In  the  future  work,  we  will  find  the  optimal  pa¬ 
rameters  of  SASE  in  toe  X-ray  regime,  where  toe  radiation  is 
trapped  in  an  dectronbeam 
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Abstract 

The  driver  for  Jefferson  Lab's  infrared  free-electron  laser  is  a  superconducting,  recirculating  accelerator  that  recovers  about 
75%  of  the  electron-beam  energy  and  converts  it  to  radiofrequency  power.  It  is  designed  to  lase  continuous-wave  at  3-6 
pm  at  kW-level  power.  In  achieving  first  light,  the  accelerator  operated  "straight-ahead"  to  deliver  38  MeV,  1.1  mA  cw 
current  through  the  wiggler  for  lasing  at  wavelengths  in  the  vicinity  of  5  pm.  The  waste  beam  was  then  sent  directly  to  a 
dump,  bypassing  the  recirculation  loop.  Stable  operation  at  power  levels  up  to  311  W  cw  have  thus  far  been  achieved  in 
this  mode.  The  accelerator  has  recently  recirculated  up  to  0.6  mA  cw  current  with  energy  recovery.  In  this  mode  it  has 
lased  pulsed  and  cw  at  low  power.  It  remains  to  clean  up  the  transport  for  high -power  cw  lasing. 


1  Introduction 

Thomas  Jefferson  National  Accelerator  Facility 
(Jefferson  Lab)  recently  constructed  a  cw,  kW-level,  3-6 
pm  free-electron  laser  (hereafter  called  the  IR  Demo)  [1] 
and  this  summer  has  been  engaged  in  an  intensive 
commissioning  effort.  The  IR  Demo  incorporates  a 
recirculating  superconducting  linac  for  energy  recovery. 
First  lasing  [2]  was  achieved  on  15  Jun  98,  with  155  W 
cw  power  at  5  pm  wavelength  reached  just  two  days 
later.  This  was  done  without  energy  recovery;  however, 
on  29  Jul  98  lasing  was  accomplished  with  a  recirculated 
beam  consisting  of  200  ps  macropulses  delivered  at  2  Hz 
repetition  rate  while  recovering  energy  from  the 
macropulses.  That  same  day,  the  IR  Demo  delivered  311 
W  cw  power  without  energy  recovery.  To  date,  lasing 
with  pulsed  beam  has  taken  place  at  currents  up  to  2  mA 
averaged  over  a  macropulse.  Up  to  0.6  mA  cw  has  been 
recirculated  with  energy  recovery.  The  machine  has  also 
lased  cw  at  low  power  (6  W)  with  recirculation.  Plans 
for  the  immediate  future  are  to  optimize  the  performance 
of  the  machine  and  begin  supporting  user  experiments. 
This  paper  outlines  the  commissioning  sequence  and 
accelerator  performance  leading  to  these  achievements. 


2  Overview  of  the  Machine 

The  IR  Demo,  pictured  in  Figure  1,  incorporates  a  re- 

*Work  supported  by  the  U.  S.  Department  of  Energy'  under  contract 
DE-AC05-84-ER40 150,  the  Office  of  Naval  Research,  the 
Commonwealth  of  Virginia,  and  the  Laser  Processing  Consortium. 


circulating  accelerator  comprising  a  10  MeV  injector  and 
a  32  MeV  linac  to  produce  a  42  MeV  electron  beam  for 
cw  kW-level  lasing.  It  is  designed  to  achieve  the  top- 
level  electron-beam  requirements  listed  in  Table  1  of 
Ref.  [1]  while  transforming  75%  of  the  beam  power  back 
into  if  power.  The  design  of  the  machine  is  also 
discussed  in  more  detail  in  Ref.  [1].  Beam  parameters 
originally  thought  to  be  required  for  first  light  differ  from 
those  needed  for  kW  power,  however,  and  they  are  listed 
in  Table  1  below. 

First  lasing  involved  operating  the  machine  in  the 
“straight-ahead”  mode,  in  which  the  beam  is  deposited  in 
the  “42  MeV  dump”  depicted  in  Figure  1.  Doing  so 
allowed  us  to  achieve  the  first-lasing  milestone  before 
construction  of  the  recirculation  loop  had  been  fully 
completed.  Subsequently,  as  mentioned  earlier,  the 
machine  was  operated  in  the  recirculation  mode  with 
pulsed  beam,  first  without  lasing,  then  with  lasing,  and 
with  energy  recovery  from  the  pulses.  In  this  mode,  the 
beam  is  deposited  in  the  “10  MeV  dump”  after 
deceleration  through  the  cryomodule.  What  follows  is  a 
brief  description  of  the  commissioning  sequence  that  led 
to  achieving  the  first-li^it  electron  beam. 


Figure  1 .  Schematic  of  IR  Demo. 
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Table  1:  Beam  Requirements  at  Wiggler  for  First  Lasing. 


Parameter 

Required 

Measured 

Kinetic  Energy 

38  MeV 

38.0±0.2  MeV 

Average  current 

1.1mA 

1.10+0.05  mA 

Bunch  charge 

60  pC 

60+2  pC 

Bunch  length  (rms) 

<1  ps 

0.4±0.1  ps 

Peak  current 

22  A 

60±15  A 

Trans,  emittance  (rms) 

<8.7  mm-mr 

7.511.5  mm-mr 

Long,  emittance  (rms) 

33  keV-deg 

26±7  keV-deg 

Pulse  repetition  frequency  18.7  MHz 

18.7  MHz 

3  Photocathode  Gun  Performance 

Testing  the  gun  off-line  ultimately  yielded  bunch 
charges  from  0-120  pC  with  phase-space  parameters  that 
looked  to  agree  reasonably  well  with  PARMELA  [3,4]. 
Consequently  the  gun  was  installed  in  the  FEL  injection 
line.  The  small  space  between  the  gun  and  the  cryounit 
excludes  diagnostics,  so  reasonable  confidence  in  the 
gun’s  performance  had  to  be  established  prior  to  its 
installation,  and  the  cited  set  of  experiments  sufficed. 

To  date  the  gun  has  been  operated  in  the  FEL  to  a 
maximum  bunch  charge  of  60  pC  in  view  of  the  first-light 
requirements  in  Table  1  as  well  as  the  desire  to  preserve 
cathode  lifetime.  Experience  in  running  the  cited  gun 
experiments  hinted  that  cathode  lifetime  is  significantly 
shorter  at  higher  bunch  charges.  Experience  to  date  is 
that  the  e-folding  lifetime  of  the  GaAs  cathode  is  -10-20 
hours  at  60  pC,  LI  mA  average  current.  Cathode 
lifetime  is  seen  to  depend  sensitively  on  the  quality  of 
the  ambient  vacuum,  which  in  turn  may  be  influenced  by 
beam  operations  via  ionization  of  residual  gas  and  back- 
bombardment  of  ions  onto  the  cathode.  Available  data  is 
too  sparse  to  support  a  more  quantitative  statement. 

Recently  a  decision  was  made  to  anodize  the  outer 
extremities  of  the  cathode  wafer  for  suppression  of 
possible  electron  emission  and  beam  halo.  Although  the 
benefit  has  been  hard  to  ascertain  conclusively, 
subsequent  operation  leading  to  first  light  proceeded  with 
easily  achievable  beam  transmission  to  the  straight- ahead 
dump  at  1.1  mA  cw,  something  that  had  been  more 
difficult  to  achieve  prior  to  anodization. 

4  Key  Diagnostics  and  Accelerator  Performance 

Diagnostics  for  the  IR  Demo  include  [5]:  suites  of 
beam-position  monitors,  optical-transition-radiation 
viewers,  and  beam-loss  monitors;  two  interferometric 
bunch-length  monitors,  one  (BL1)  at  the  entrance  to  the 
linac  cryomodule  and  the  other  (BL2)  just  after  the 
wiggler;  two  multislit  transverse- emittance  monitors,  one 
(MSI)  after  the  injector  cryounit  and  the  other  (MS2)  at 
the  entrance  to  the  linac  cryomodule;  two  beam-current 


monitors;  and  picoammeters  at  the  beam  dumps.  Key 
diagnostics  that  ultimately  led  to  the  decision  to  install 
the  wiggler  and  try  for  first  light  were  BL2,  a 
multimonitor  emittance  measurement  using  five  viewers 
in  the  wiggler  region,  and  an  energy  spread  measurement 
using  the  dipole  magnets  and  viewer  in  the  second  optical 
chicane.  Cleanup  of  the  electron  beam  proceeded 
systematically  and  led  to  gradual  improvement  in  the  six¬ 
dimensional  properties  of  the  beam.  Beam  parameters 
measured  at  the  wiggler  location  shortly  before  the  13 
Jun  98  wiggler  installation  were  as  listed  in  Table  1.  All 
of  them  agree  with  PARMELA  to  within  10%  except  the 
energy  spread,  for  which  the  measured  value  was  a  factor 
of  two  higher,  and  correspondingly  so  was  the 
longitudinal  emittance.  The  accelerator  is  capable  of 
generating  48+  MeV  beam. 

Despite  good  beam  quality  at  the  wiggler,  the  injector 
has  yet  to  be  fully  optimized.  Its  present  setup  produces 
a  total  beam  energy  of  9.5±0. 1  MeV  as  inferred  from  the 
injection-line  dipole  strengths,  close  to  the  desired  9.65 
MeV.  Measurements  with  MSI  yielded  a  normalized 
rms  transverse  emittance  of  5. 5 ±0.6  mm-mr,  -30% 
higher  than  PARMELA  [6].  The  beam  at  MS2  is  off- 
nominal  enough  that  good  measurements  with  MS2  or 
BL1  have  yet  to  be  possible,  but  the  bunch  compression, 
inferred  by  measuring  the  M55  (=d<j>m/d<|>out)  transfer 
function  using  a  pickup  cavity,  is  close  to  PARMELA. 

5  Status  and  Plans 

The  IR  Demo  achieved  first  light  within  six  hours 
from  turn-on  after  inserting  the  wiggler,  a  testimony  to 
the  fine  quality  of  the  electron  beam  and  the  FEL 
systems.  It  routinely  operates  with  1.1  mA  average 
current  in  the  straight-ahead  mode.  The  first  attempt  to 
take  beam  around  the  recirculation  loop  occurred  on  28 
Jul  98.  In  the  ten  days  of  machine  operations  that 
followed  prior  to  this  Conference,  we  had  recirculated  up 
to  about  0.6  mA  cw  with  energy  recovery  and  had  lased 
cw  at  low  power  in  the  recirculation  mode.  Immediate 
plans  are  to  clean  up  the  beam  transport  to  support  kW- 
level  lasing,  to  begin  user  experiments,  and  to  measure 
emittance  growth  from  coherent  synchrotron  radiation  in 
magnetic  bending  systems  [7]. 
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Abstract 

We  describe  a  technique  to  measure  the  longitudinal  density  distribution  of  electron  bunches  with  sub-picosecond  resolution 
by  means  of  electro-optic  sampling  of  the  Coulomb  field  of  the  electrons. 


1.  Introduction 

Recently,  techniques  of  high-speed  electronic  meas¬ 
urements  have  been  extended  into  the  THz  frequency 
domain.  The  availability  of  ultrashort  Ti:  Sapphire  laser 
pulses  has  enabled  the  measurement  of  electric  fields 
with  sub-picosecond  time  resolution.  This  opens  up 
new  possibilities  for  the  study  of  short  relativistic 
electron  bunches  such  as  used  in  ffee-electron  lasers.  A 
direct  measurement  of  the  longitudinal  shape  of  the 
electron  bunches  now  becomes  feasible,  using  methods 
developed  for  THz  electric  field  probing. 

2.  Electro-Optic  sampling 

In  an  Electro-Optic  (EO)  sampling  set-up,  the  field- 
induced  optical  activity  (Pockels  effect)  in  a  sample 
crystal  is  measured  with  an  ultra-short  probe  laser 
pulse.  The  change  in  the  polarization  state  of  the 
probe  beam  can  be  detected  with  high  sensitivity,  and 
the  response  time  of  the  crystal  can  be  very  short. 
Therefore,  EO  sampling  can  be  used  for  time  re¬ 
solved  probing  of  both  local  fields  and  ffee-space 
propagating  pulses  in  the  THz  range  [1]. 

We  intend  to  apply  this  technique  to  the  measure¬ 
ment  of  the  Coulomb  field  of  the  electron  bunches  in 
the  FELIX  free  electron  laser.  The  set-up  is  sketched 
in  Fig.l.  The  electron  beam  passes  close  to  a  ZnTe 
sample  crystal,  and  the  EO  effect  is  sensed  by  a 
Ti: Sapphire  probe  pulse  traversing  the  crystal  in 
parallel.  A  photodiode  detects  the  signal  caused  by 
the  polarization  change. 


3.  Resolution 

The  Coulomb  field  of  an  electron  moving  at  relativ¬ 
istic  speed  in  a  straight  line  is  concentrated  in  the 
direction  perpendicular  to  its  trajectory,  within  an 
angle  of  order  1/y  [2].  The  instantaneous  field  in  a 
point  P  at  a  distance  R  from  a  pencil  electron  beam  is 
mainly  determined  by  the  electrons  in  a  range  ±R/y 
of  the  bunch  length,  so  that  the  time  resolution 
obtained  by  probing  the  field  at  P  could,  ideally,  be 
x«2R/yc).  As  an  example,  for  R=10  mm  and  y=100, 
T*0.7ps;  this  improves  for  higher  energies.  The 
resolution  degrades  for  a  beam  with  finite  transverse 
emittance,  but  this  is  a  minor  effect  when  the  nor¬ 
malized  emittance  is  smaller  than  R.  When  the  probe 
pulse  and  the  THz  field  pulse  traverse  the  sample 
with  the  same  speed,  the  thickness  of  the  crystal  adds 
to  the  magnitude  of  the  EO  effect  without  reducing 
the  resolution.  In  reality,  there  is  a  velocity  mismatch 
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due  to  the  dispersion  in  the  material,  which  limits  the 
useable  thickness.  An  even  more  important  aspect  of 
the  dispersion  is  the  response  time  of  the  sample’s 
electric  polarization.  ZnTe,  for  example,  has  an  LO- 
phonon  resonance  at  5.3  THz,  which  means  that  field 
pulses  shorter  than  about  200  fs  will  be  distorted  and 
attenuated.  It  has  been  shown,  however,  that  fre¬ 
quencies  up  to  37  THz  can  still  be  measured  with 
ZnTe  in  and  that  the  effects  of  dispersion  and 
absorption  can  be  accurately  modeled  [3]. 

4.  Sensitivity 

The  x-component  of  the  electric  field  at  P(R,0,0), 
caused  by  an  electron  with  charge  q  at  (0,0, z(t)), 
moving  along  the  z-axis,  is  [2] 

F  =  2yq 

x  te^+rV)3'2 

For  a  narrow  beam  of  electrons  with  a  longitudinal 
density  distribution  p(z)  varying  little  over  a  distance 
R/y  the  integrated  field  is 

E  =  2p{z) 

47T£0R 

Taking  an  average  p(z)  equal  to  p^Q/h,  where  Q  is 
the  total  charge  of  the  bunch  and  4  its  effective 
length,  we  have  for  the  average  field  produced  by  the 
bunch: 

2  Q 

47T£QRlb 

For  example,  with  Q=200  pC,  as  in  FELIX,  /?=  10 
mm,  and  lb=  1  mm,  we  have  «  350  kV/m.  For  a 
probe  wavelength  of  800  nm  and  a  ZnTe  sample  of 
0.1  mm  thick  with  a  Pockels  coefficient  rj  *=4xl 0-12 
m/V,  this  gives  a  retardation  in  the  order  of  4xl0"3 
wavelengths,  which  should  give  an  easily  measurable 
intensity  variation  at  the  detector. 

The  sensitivity  can  be  considerably  improved  by  a 
differential  detection  scheme  using  a  pair  of  balanced 
detectors  measuring  the  difference  of  the  signals  at 
orthogonal  polarizations  [1]. 

5.  Synchronization 

In  the  above,  it  was  tacitly  assumed  that  the  probe 
pulse  can  reproducibly  be  made  coincident  with  the 
field  of  a  given  slice  of  the  electron  bunch.  In  prac¬ 


tice,  synchronization  to  within  the  required  time 
resolution  is  not  easily  achieved.  It  has  been  shown, 
however,  that  the  jitter  between  the  probe  pulses  and 
the  output  pulses  of  FELIX  can  be  reduced  to  400  fs 
(rms)  through  active  control  of  the  cavity  length  of 
the  probe  laser  [4].  For  a  better  time  resolution,  the 
remaining  jitter  can  be  overcome  by  using  the  differ¬ 
ential  optical  gating  (DOG)  technique  [5]. 

In  principle,  it  is  also  possible  to  perform  single-shot 
measurements,  e.g.  by  using  a  chirped  probe  pulse 
and  a  spectrometer  to  separate  the  signals  from 
different  time  slices  [6].  Alternatively,  one  could  use 
an  intentional  velocity  mismatch  combined  with 
space  resolved  detection  [7].  In  these  cases,  synchro¬ 
nization  is  not  a  problem,  provided  that  the  sensitiv¬ 
ity  is  high  enough  to  obtain  reliable  results  from  a 
single  pulse. 

6.  Conclusion 

Application  of  the  EO  sampling  technique  to  the 
measurement  of  the  Coulomb  field  of  short  electron 
bunches  promises  to  be  a  valuable  method  to  deter¬ 
mine  the  longitudinal  density  distribution  of  the 
bunches  on  a  subpicosecond  timescale.  Asymmetric 
bunch  shapes  present  no  special  problem,  and  there  is 
no  time  reversal  ambiguity  as  in  more  common 
methods  based  on  autocorrelation. 
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Abstract 

Electron  beams  with  currents  up  to  20  mA  and  100  pA  were  generated  by  a  triode  gun  using  single-gated  and  double-gated 
field-emitter  arrays  (FEA),  respectively,  as  the  cathode.  Beam  emittance  was  significantly  lowered  when  individual  beamlets 
emerging  from  the  tips  were  collimated  by  the  focusing  lens  of  double-gated  FEAs.  Further  improvements  in  collimation 
capability  and  reliability  of  FEAs  are  the  key  for  practical  application  of  this  type  of  gun  to  free  electron  micro-lasers. 


1.  Introduction 

Typical  parameters  of  a  driving  beam  for  free  electron 
micro-lasers  are  [1-3]:  energy  >  100  keV,  spot  radius  ~  10 
pm,  rms  emittance  ~  108  7t  -m-rad  and  current  100  pA- 
10  mA.  Theoretical  studies  have  indicated  that  such  a 
beam  can  be  produced  using  an  FEA  as  the  source,  but 
the  technical  feasibility  has  not  been  established  yet.  This 
paper  is  a  continuation  of  our  previous  work  [4]. 


2.  Gun  structure  and  electron  optics 

The  electron  gun  consisted  of  an  FEA  cathode  mounted 
on  a  TO-5  header,  an  anode  at  15  mm  and  a  wehnelt.  A 
wide  variety  of  FEAs  were  tried,  the  number  of  tips 
ranging  from  1  to  10,000  and  tip  material  being  either 
molybdenum  or  silicon.  Most  of  them  had  a  single  gate 
for  electron  extraction,  but  some  were  also  provided  with 
second  gate  (focus  electrode)  for  collimation  of  individual 
beamlets  emerging  from  the  tips.  The  gun,  followed  by  a 
lens  system,  was  installed  in  a  1  m  long  test  stand  [5]  and 
voltages  of  up  to  ~  10  kV  were  applied  to  the  cathode. 

Electron  optical  properties  of  FEA  and  the  gun  were 
studied  using  a  computer  code  EGN2W.  Figure  1  shows 
electron  trajectories  through  the  gun  and  einzel  lenses. 
Here  a  beamlet  started  at  0. 1  mm  from  the  axis  with  a  half 
divergence  angle  of  50  mrad  at  70  eV.  In  Fig.  1(b)  the 
lens  system  is  operated  to  form  a  magnified  image  of  the 
cathode  surface  for  diagnosis  of  the  FEA.  On  the  other 
hand,  the  operating  mode  in  Fig.  1(c)  is  for  spot  formation. 
Simulations  indicate  that  the  beam  should  be  collimated  at 


the  initial  stage  of  generation  for  good  quality  to  be  assured. 
This  was  verified  experimentally;  the  beam  profile  was 
quite  sensitive  to  the  wehmelt  voltage  as  well  as  to  the 
voltage  Vf  applied  to  the  focus  electrode  of  FEA  with 
respect  to  the  base. 


Wehnelt  Anode 


*244 


Fig.  1.  Electrode  configuration,  equipotential  plot  and  electron 
trajectories,  (a)  Triode  gun.  (b)  Lens  system  succeeding  the  gun 
operated  as  an  electrostatic  microscope  to  examine  the  performance 
of  FEA.  (c)  The  system  operated  in  the  probe  forming  mode. 
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3.  Emission  and  collimation  characteristics  of  FEA 

FEAs  were  operated  cw  when  observing  the  beam  cross 
section  by  means  of  fluorescent  images,  and  pulsed  when 
measuring  the  peak  electron  yield.  Beam  current  of  up  to 
20  mA  were  obtained  from  a  10,000  tip  single-gated  FEA 
in  a  1  ps  pulse,  and  100  pA  dc  was  reached  with  a  double¬ 
gated  FEA  having  600  tips.  Fraction  of  working  tips  was 
on  the  order  of  10  %  for  large  FEAs  like  those  [6],  but  each 
and  every  tip  of  small  arrays  having  less  than  10  tips  used 
to  work  if  the  gate  voltage  VG  was  sufficiently  high.. 

The  measured  beam  current  from  a  1  x  10  array  is  shown 
in  Fig.  2  as  a  function  of  V¥ ,  where  the  gate  voltage  VG  is 
the  parameter.  Calculated  half-angle  of  divergence  at  100 
eV  is  also  shown..  As  V¥  was  lowered,  both  the  emission 
and  the  divergence  angle  were  reduced.  The  emission  was 
recovered  by  increasing  VG ,  but  full  collimation  was  not 
achieved  because  breakdown  failure  of  the  FEA  happened 
between  the  gate  and  the  focus  electrode  when  VY  <  10  V. 


Fig.  4.  Cross  section  of  beamlets  vertically  narrowed  to  the 
minimum  width  by  a  quadrupole  lens.  Beam  energy  is  5  keV. 

4.  Emittance  of  beams  and  beamlets 

Beam  emittance  was  lowered  by  beamlet  collimation  at 
the  FEA;  for  a  600-tip  FEA  of  0.1  mm  radius,  when  the 
focusing  lens  was  operated,  the  normalized  emittance  was 
a  few  10’77T-m-rad  independently  of  the  beam  current 
within  the  measured  range  of  up  to  100  pA. 

Figure  4  shows  fluorescence  produced  by  beamlets 
whose  cross  sections  were  narrowed  to  the  minimum  by  a 
quadrupole  lens.  The  cathode  is  a  600  tip  double-gated 
FEA.  Half- width  of  each  pattern  is  less  than  0.15  mm.  The 
beamlets  were  aligned  when  the  strength  of  the  quadrupole 
lens  was  increased  to  a  certain  value.  This  alignment 
indicates  that  the  beamlets  were  ejected  parallel  to  each 
other  from  the  FEA.  That  the  alignment  id  not  occur  at 
the  minimum  beamlet  width  gives  a  proof  of  insufficiency 
of  collimation  (half-angle  of  divergence  »  0.1  rad  at  100 
eV),  consistently  with  the  operating  condition  of  FEA  as 
mentioned  in  the  previous  section.  From  the  dependence 
of  image  width  on  the  strength  of  quadrupole  lens,  the 
normalized  edge  emittance  of  beamlets  carrying  <  IpA 
was  estimated  to  be  within  10"®  -  1 0‘9  7T  -m-rad . 


Fig.  2.  Focus  electrode  voltage  dependence  of  emission  current 
(measured  for  1  x  10  array)  and  divergence  (calculated  at  100  eV). 

Beams  from  single-gated  FEAs  were  seriously  affected 
by  aberrations  unless  scraped  with  an  aperture  stop.  With 
double-gated  FEAs,  the  whole  beam  was  transported  and 
the  beamlets  formed  separate  images  on  the  screen  (Fig.  3). 


Fig.  3.  3-D  profile  of  fluorescence  produced  by  the  beam.  The 

terrain  was  smooth  when  the  beam  was  not  collimated  at  FEA. 


Beam  current  from  FEAs  suffices  the  requirement  of  low 
current  FELs.  Double-gated  FEAs  proved  to  decrease  the 
beam  divergence  at  very  low  energies.  Still,  the  beam 
brightness  is  not  high  enough;  the  beam  emittance  need  to 
be  lowered  by  one  order  of  magnitude  or  more.  The  largest 
problem  in  attaining  the  goal  appears  to  be  in  FEA  itself. 

The  promising  aspect  of  FEA-based  electron  gun  is  that 
FEAs  are  making  steady  progress  in  regard  to  packing 
density,  operating  voltage,  vacuum  environment,  etc. 
Further  improvements  of  FEAs  in  collimation  capability 
and  reliability  are  the  key  to  generate  electron  beams 
meeting  the  conditions  of  free  electron  micro-lasers. 
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1.  Introduction 

A  photocathode  rf-gun  and  a  chicane  based  magnetic 
bunch-compressor  have  been  installed  on  the  S-band 
linac  of  UTNL  (Nuclear  Engineering  Research  Labo¬ 
ratory,  University  of  Tokyo),  where  electron  bunches 
as  short  as  400  femto-second  are  available.  Both 
streak  camera  and  coherent  transition  radiation  in¬ 
terferometer  are  used  for  the  measurement  of  elec¬ 
tron  bunch  length  [l].  These  measurements,  how¬ 
ever,  requires  a  screen  target  as  a  radiation  emitter 
on  the  beam  line,  which  causes  fatal  destruction  of 
the  electron  beam.  Since  the  bunch  length  is  one 
of  important  parameters  for  experiments  in  a  linac,  a 
non-destructive  monitor  which  enable  one  to  measure 
bunch  length  without  interruption  of  experiments  is 
desired.  We  design  a  non-destructive  bunch  length 
measurement  system  utilizing  off-axis  radiation  from 
a  short  undulator  for  UTNL  linac. 

2.  Design  of  a  bunch  length  monitor 

In  recent  years  a  bunch  length  monitor  utilizing  off- 
axis  radiation  from  a  short  undulator  has  been  pro¬ 
posed  [2].  This  monitor  is  based  on  a  principle  that 
transition  of  incoherent  radiation  into  coherent  ra¬ 
diation  occurs  for  electron  bunch  with  longitudinal 
size  close  to  the  radiation  wavelength,  and  radiation 
power  is  sensitive  to  bunch  length.  We  optimize  de¬ 
sign  parameters  of  a  bunch  length  monitor  for  UTNL 
linac  in  this  section.  In  the  following  design  study, 
we  assume  that  electron  bunch  has  energy  of  20MeV, 
charge  of  0.8nC,  reputation  rate  of  10Hz.  An  existing 
undulator  originally  designed  for  an  FEL  experiment 
is  converted  into  a  diagnosis  use:  K  =  1.4,  Nu  =  10 


and  Xu  =  4.0cm. 

Fundamental  wavelength  of  undulator  radiation 
for  off-axis  angle,  9 ,  is  obtained  by 

Ar  =  (l  +  272  +  K2  -272cos0)  , 

where  \u  is  undulator  period,  K  is  undulator  param¬ 
eter.  For  relativistic  electron  beam,  Eq(l)  can  be 
reduced  into 

Ar  ~  Au(l  -  cos#)  . 

If  the  wavelength  is  close  to  the  order  of  the  bunch 
length,  the  radiation  is  enhanced  by  transition  of  in¬ 
coherent  undulator  radiation  into  coherent  radiation 
[3].  While  radiation  power  is  proportional  to  the  num¬ 
ber  of  electrons  in  a  bunch,  N ,  for  incoherent  radia¬ 
tion,  coherent  radiation  power  is  proportional  to  N 2 . 
Radiation  power,  therefore,  shows  strong  dependency 
on  bunch  length,  if  the  fundamental  radiation  wave¬ 
length  is  the  same  order  of  bunch  length  to  be  mea¬ 
sured. 


Figure  1.  Power  enhancement  by  transition  of 
incoherent  radiation  into  coherent  radiation. 
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Figure  1  shows  the  enhancement  of  radiation 
power  caused  by  transition  into  coherent  regime, 
where  the  radiation  power  is  plotted  as  a  function 
of  wavelength  for  bunch  length  between  a  =0.1ps 
and  1.3ps.  It  can  be  seen  that  the  radiation  power 
between  200 fim  and  300 fim  changes  drastically  with 
bunch  length  in  subpico-second  region,  which  is  the 
bunch  length  to  be  measured.  The  observation  off- 
axis  angle  has  been  determined  at  6  degree  so  that 
the  fundamental  radiation  wavelength  is  25 6/xra.  De¬ 
signed  configuration  of  measurement  system  is  shown 
in  figure  2,  where  off-axis  radiation  is  extracted 
through  polyethylene  window  of  1.2mm  square  and 
detected  with  Golay  cell,  which  is  a  broadband  de¬ 
tector  in  sub-millimeter  region. 


40cm  1 2cm 


Figure  2.  Designed  configuration  of  a  measurement 
system. 

Since  undulator  radiation  has  higher  harmon¬ 
ics  and  a  Golay  cell  has  broad  band  sensitivity,  a 
bandpass  filter  is  required  to  detect  only  wavelength 
around  256^im,  where  the  radiation  power  largely  de¬ 
pend  on  bunch  length.  A  bandpass  filter  in  sub¬ 
millimeter  region  can  be  realized  with  metal  grid. 
If  we  choose  geometry  of  metal  grid  so  that  grid- 
interval  is  230  fim  and  the  ratio  of  grid  strip  width 
to  grid-interval  is  0.5,  performance  of  the  filter  be¬ 
comes:  maximum  transmittance  is  0.78  at  the  cen¬ 
tral  wavelength  258.0 6fim  and  band  width  is  about 
60  fim  (FWHM).  Calculated  radiation  spectrum  after 
the  bandpass  filter  is  plotted  in  figure  3. 

Figure  4  shows  estimated  signal  to  noise  ratio  of 
the  detector,  where  the  noise  power  is  calculated  from 
specification  data  of  Golay  cell  OAD-7.  It  is  shown 
that  the  detector  signal  larger  than  noise  level  can  be 
obtained  for  bunch  length  below  a  =  0.55ps,  that  is 
1.2ps(FWHM),  and  the  signal  increases  more  than  10 
times  for  the  change  of  bunch  length  of  O.lps.  This 
system,  therefore,  can  be  used  as  a  bunch  length  mon¬ 
itor  for  subpico-second  electron  bunches.  Electron 
bunch  longer  than  1.2ps  is  also  measureable,  if  we 
use  a  polyethylene  window  of  larger  size. 

In  figure  4,  signal  to  noise  ratio  for  multi  pulse 
mode  with  a  thermionic  gun,  which  continues  4.5  fisec 
with  2ns  intervals,  is  also  plotted. 


Figure  3.  Calculated  off-axis  radiation  spectrum  after 
the  bandpass  filter,  (a)  crz  =  0.5ps,  (b)  crz  =  0.6ps, 
(c)  <Jz  =  0.7ps,  (d)  crz  =  0.8ps,  (e)  az  =  0.9ps. 


Figure  4.  Estimated  signal  to  noise  ratio,  (a)  single 
pulse  from  photocathode  rf-gun,  (b)  multi  pulse  from 
thermionic  gun. 

3.  Conclusion 

In  the  present  study,  a  bunch  length  measurement 
system  utilizing  off-axis  radiation  from  a  short  un¬ 
dulator  has  been  designed.  We  have  optimized  off- 
axis  angle  for  the  measurement  and  parameters  for 
a  bandpass  filter.  It  is  shown  that  measurement  of 
subpico-second  electron  bunch  is  available  with  the 
system. 
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The  Linear  Coherent  Light  Source  (LCLS)  FEL 
requires  that  the  radiation  created  by  the  electron  beam 
in  an  undulator  continuously  bathe  the  electron  beam, 
in  order  to  have  efficient  FEL  gain.  Beam  position 
monitors  will  be  used  both  to  establish  the  initial 
alignment  of  the  electron  beam,  and  to  provide  runtime 
feedback  to  counteract  drifts.  There  are  tight  tolerance 
and  stability  requirements  on  the  beam  position 
monitors.  There  are  also  restrictions  on  impedence  that 
would  cause  unwanted  wakefield  effects,  and  bandwidth 
because  of  the  short,  250  fsec  electron  pulses.  To  select 
a  BPM  technology,  we  examined  the  known  BPM 
techniques,  including  detection  of  synchrotron  radiation, 
transition  radiation,  diffraction  radiation,  fluoresence, 
photoemission  or  bremsstrahlung  from  thin  wires, 
Compton  scattering  from  laser  wires,  and  image 
currents  from  the  electron  beam. 

The  LCLS  will  produce  intense  pulses  of  coherent 
x-rays  in  the  15-1.5  A  range  generated  by  self-amplified 
spontaneous  emission  (SASE)  from  a  5-15  GeV 
electron  beam  passing  through  a  1 12  m  long  undulator 
[1]  .  The  undulator  has  52  segments,  each  1.92  m  long, 
separated  by  24  cm  gaps  containing  vacuum  pumps, 
quadrupole  focusing  magnets  and  diagnostics.  The 
focusing  magnets  are  equipped  with  transverse  movers 
that  are  used  for  initial  beam  based  alignment,  and  for 
feedback  response  to  steering  errors  detected  by  beam 
position  monitors.  The  undulator  gap  is  6  mm,  and  the 
vacuum  chamber  within  has  a  5  mm  ID. 

It  is  possible  to  align  BPM’s  mechanically  to 
perform  these  functions  at  5  GeV,  where  the  overlap 
tolerance  is  relaxed,  but  not  possible  at  15  GeV,  so  we 
developed  a  method  of  beam  based  alignment  [2]  By 
recording  the  readings  of  roughly  aligned  BPMs  as  a 
function  of  beam  energy  (varied  between  5  and  15  GeV) 
and  by  fitting  a  model  of  the  undulator  electron 
transport  optics  to  those  readings,  offset  errors  for 
quadrupoles,  BPMs,  and  incoming  beam  trajectory  can 
be  calculated  and  corrected.  When  this  process  is 
repeated  2-3  times  (which  may  take  a  few  hours), 
simulations  indicate  that  BPM  offsets  and  electron  beam 
straightness  in  the  112  m  long  undulator  can  be 
established  and  maintained  with  <  5  pm  rms  accuracy. 

We  will  also  install  insertable  intercepting 
monitors  that  provide  a  means  to  measure  rough 
positions  and  measure  beam  size. 

Micron  resolution  and  stability  is  needed  only  in  a 
bandwidth  comparable  to  thermal  drift  frequencies  («  1 
Hz,  over  periods  of  days),  implying  that  BPM  readings 
from  many  beam  pulses  can  be  averaged  for  higher 
resolution.  Single  shot  resolution  of  order  1  pm  for  a  1 


nC  bunch  is  desired  to  detect  120  Hz  pulse-pulse 
trajectory  instability.  A  dynamic  range  of  40  dB  is 
needed  for  low  and  high  intensity  operation. 

The  total  longitudinal  beam  impedance  of  52  BPMs 
must  be  kept  well  below  a  loss  factor  of  ~1  kV/pC  to 
keep  the  correlated  energy  spread  of  the  electron  bunch 
below  0.1%;  otherwise  the  FEL  saturation  length  would 
increase  beyond  112  m. 

We  have  investigated  several  intercepting  and  non¬ 
intercepting  beam  position  monitor  technologies  that 
might  meet  the  performance  needs  for  the  LCLS 
undulator.  Among  intercepting  monitors,  YAG 
crystals  offer  superior  performance  to  phosphosrs, 
because  they  do  not  bloom,  but  any  intercepting 
monitor  will  be  struck  by  the  combined  electron  and 
photon  beams,  confusing  the  signal  source.  One  can 
imagine  filters,  like  100  pm  tungsten  foils,  to  strip  off 
the  x-rays.  Transition  radiation  foils  could  be  used,  but 
also  suffer  from  combined  beam  effects. 

Wire  scanners  are  used  successfully  at  SLAC  to 
measure  micron  or  smaller  rms  beam  sizes.  [3]  Overlap 
between  the  electron  beam  and  a  precisely  positioned 
carbon  wire  is  detected  downstream  of  the  undulator  by 
measuring  either  bremsstrahlung  gamma  rays  or  energy 
degraded  electrons.  By  stepping  a  wire  across  the  beam, 
pulse  by  pulse  for  10-20  pulses,  using  a  linear  motion 
stage  or  by  steering  the  beam  across  the  wire,  a  profile 
of  the  beam  can  be  measured.  The  beam  shape  is  fitted 
on-line,  with  a  typical  uncertainty  of  2%  of  the  width, 
and  the  center  position  obtained  within  1-2  pm  with 
respect  to  an  external  fiducial  on  the  motion  stage. 

A  distinct  advantage  of  the  carbon  wire  monitor  is 
that  it  can  be  used  for  simultaneous  measurement  of 
electron  and  undulator  photon  beam  position.  While  the 
impinging  electron  beam  generates  bremsstrahlung,  the 
undulator  will  diffract  from  the  wire  in  a  powder 
diffraction  pattern.  An  experiment  at  SSRL  using  7 
mm  amorphous  carbon  wire  filaments  and  1 .5  A  x-rays 
showed  that  an  intensity  maximum  for  Bragg  scattering 
occurs  at  25.8  degrees  from  the  beam  axis. 

We  conclude  that  the  preferred  intercepting  monitor 
for  the  LCLS  is  the  wire  scanner  because  of  its  ability 
to  measure  both  electron  and  photon  position  at  high 
operating  intensities  and  because  of  its  proven  micron- 
level  performance. 

Candidates  for  non-intercepting  position  monitors 
include  diffraction  radiation  monitors,  laser  wire  (or 
spot)  monitor,  and  more  commonly  usedRF  BPMs. 

A  diffraction  radiation  (DR)  monitor  [4]  having  a  2 
mm  radius  aperture  within  the  2.5  mm  radius  undulator 
vacuum  chamber  would  produce  micron  wavelength 
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radiation  that  could  be  observed  with  a  simple  camera 
system  to  determine  beam  size  and  position.  While  the 
measured  radiation  pattern  is  sensitive  to  the  transverse 
displacement  of  the  electron  beam  from  the  center  of  the 
aperture,  we  are  not  convinced  this  monitor  would  have 
the  micron  position  resolution  required  Furthermore, 
the  monitor  also  has  a  high  impedance  (-75  V/pC  loss 
factor),  implying  that  only  10  monitors  could  be 
inserted  during  FEL  operation. 

The  success  of  the  laser  wire  monitor  for  measuring 
micron  beams  at  the  SLAC  Linear  Collider  Final  Focus 
[5]  prompted  us  to  investigate  a  method  of  measuring 
1.06  |im  light  from  a  high  powered  laser  (e.g.  a  100 
Compton  scattering  from  a  1  |Xm  x  10  p.m  laser  "spot" 
MW  peak  pulsed  YAG  laser).  Because  of  the  large 
background  expected  from  bremsstrahlung  and  high 


energy  undulator  photons,  a  measurement  of  degraded 
energy  electrons  at  the  end  of  the  undulator  might  offer 
better  performance.  A  principal  problem  with  the  laser 
spot  monitor  is  that,  due  to  possible  changes  in  laser 
optical  components  over  time  caused  by  the  high  pulsed 
laser  power  and  radiation  environment,  the  absolute 
stability  of  the  laser  spot  position  is  uncertain  and  there 
is  no  clear  method  for  monitoring  it.  Another  drawback 
is  that  if  the  electron  beam  is  off  the  laser  spot,  there  is 
no  indication  of  which  way  to  steer. 

Uncertainties  in  performance  of  the  DR  and  laser 
spot  monitors  led  us  to  concentrate  on  specifying  an 
appropriate  non-intercepting  RF  BPM  pickup  and 
processing  system  for  the  LCLS  undulator.  The 
properties  of  these  monitors  are  summarized  below: 


Monitor  Type 

Parameters 

■ 

IKBBoH 

Resolution 

Oper. 

Freq. 

Issues 

Wall  Current 

z=6mm,  Rb=2W 

100  mm 

0.7  mm/nC 

>  1  GHz 

Ferrite  saturation 

Stripline 

z=9mm,  Zo=40W 

100  mm 

0.2  mm/nC 

2-5  GHz 

Strips  on  ceramic  cylinders 

100  mm 

0.1  mm/nC 

>  50  GHz 

Operating  freq  >chamber 
cutoff.;  HOM  errors 

Cavity 

fID=7mm,z=2. 8mm 

50  mm 

1  mm/nC 

-  32  GHz 

f0  ~  cutoff;  low  Q 

Stripline 

z=40mm,Zo=50W 

50  mm 

0.2  mm/nC 

0.5-2  GHz 

Technical  maturity 

Cavity 

fID=60mm,z=5mm 

5  mm 

0.2  mm/nC 

-  6  GHz 

Robust;TM010  mode 

Of  those  investigated,  the  Cavity  BPM  best  meets  the 
design  requirements.  Because  of  the  natural  symmetry 
of  circular  machining  and  the  availability  of  ultra¬ 
precision  diamond  lathes,  micron  level  absolute 
mechanical  and  electrical  center  accuracy  can  be 
achieved.  Button  type  BPM’s  are  also  strong 
candidates,  if  we  can  work  around  their  poor  absolute 
center  calibration. 

We  conclude  that  non-intercepting  RF  cavity  electron 
BPMs,  together  with  a  beam  based  alignment  system, 
are  best  suited  for  this  application.  We  also  plan  for 
insertable  intercepting  wire  monitors  for  rough 
alignment,  for  beam  size  measurements,  and  for 
simultaneous  measurement  of  electron  and  photon  beam 
position. 
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Abstract 

At  Liverpool  University,  a  low  cost  computerised  control  system  has  been  established  for  the  operation  of  a  pre¬ 
bunched  CW-FEM  electron  gun.  This  paper  presents  the  design  of  the  automated  electron  gun  control  system. 


1.  Introduction  x 

A  series  of  single  user,  low  cost  computerised 
control  systems  have  been  developed  [1]  for  the  control 
of  the  CW-FEMs  built  at  the  University  of  Liverpool. 
This  paper  outlines  the  control  system  used  in  the 
electron  gun  section  for  the  latest  generation  of  pre¬ 
bunched  CW-FEM. 

There  are  two  levels  of  control  required  for  the 
present  pre-bunched  CW-FEM  [2],  one  is  an  extensive 
hands  on  programme  which  has  every  bit  of  information 
displayed  on  the  screen  for  interpretation  by  the  research 
team.  The  second  is  a  simple  graphical  display  with 
minimal  user  input  to  enable  a  single  unskilled  operator 
to  control  the  FEM,  but  will  not  be  discussed  in  this 
paper. 

2.  Pre-bunched  Electron  Gun  Assembly 

The  pre-bunched  electron  gun  is  split  into  3 
sections  (fig.l).  Electron  beam  generation,  bunching  and 
acceleration. 


Fig.  1 :  Pre-bunched  electron  gun  layout. 

2.1  Electron  Beam  Generation 

The  first  stage  of  the  pre-bunched  electron  gun 
consists  of  a  simple  planar  triode  (fig.2).  The  triode  is 


capable  of  delivering  a  3-10keV,  20mA  electron  beam, 
depending  upon  the  cathode  material  used.  The  triode  is 
designed  to  allow  a  tungsten  wire  3mA),  thoriated 
tungsten  wire  (<  5mA)  or  a  single  LaB6  crystal  (<  20mA) 
to  be  used  depending  on  the  experiment  being  performed. 


]_ 

-L_ 

Inductive  Iris  Buncher  Cavity 


Filament 


Anode 

Wehnelt  Grid 


Fig.2:  Schematic  of  triode  and  buncher  cavity. 

2.2  Electron  Beam  Bunching 

The  second  stage  of  the  electron  gun  consists  of  an 
X-band  waveguide  bolted  to  the  anode  of  the  triode.  A 
3mm  diameter  hole  in  the  centre  of  the  ‘b’  dimension 
allows  the  electron  beam  to  pass  through.  The  X-band 
cavity  has  a  moveable  short  circuit  at  one  end  and  an 
inductive  iris  at  the  other.  1W  of  microwave  power 
(between  8  and  9.3  GHz)  is  passed  into  the  cavity  via  a 
quartz  window  and  timed  to  maximise  the  electric  field 
across  the  centre  of  the  cavity  using  the  moveable  short 
circuit  Once  the  beam  exits  the  buncher,  a  magnetic  lens 
re-focuses  the  beam  to  the  focal  point  of  the  electrostatic 
immersion  lens  in  the  acceleration  stage.  A  saddle  coil  is 
placed  after  the  lens  to  compensate  the  earth’s  magnetic 
field  and  any  misalignment  in  the  triode  assembly. 

2.3  Electron  Beam  Acceleration 

The  final  stage  of  the  electron  gun  consists  of  two 
concentric  cylinders  arranged  as  an  electrostatic 
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immersion  lens  that  accelerates  the  bunched  electrons  to 
the  desired  energy  for  interaction  in  the  FEM  (<200keV). 

3  Electron  Gun  Computer  Control  System 

The  electron  gun  control  system  uses  a 
combination  of  direct  and  remote  control.  A  PC  is  used  as 
the  direct  control  system  with  a  series  of  Amplicon 
Liveline  A/D  and  D/A  interface  cards  attached  to  each 
device.  The  remote  control  is  performed  by  a  low  cost 
micro-controller  network  [3].  The  micro-controllers  are 
connected  in  a  star  arrangement  with  the  direct  control 
PC  as  the  central  node  (fig.  3),  each  node  is  connected  to 
the  PC  via  a  duplex  fibre  optic  link.  The  electron  gun 
consists  of  3  sections:  triode,  bunching  and  acceleration, 
each  at  a  different  potential. 


Fig. 3:  Block  diagram  of  control  scheme. 

3.1  Triode. 

The  triode  consists  of  a  0-1  kV  negative  DC 
power  supply,  a  0-5A  DC  constant  current  source  and  a 
0-10kV  positive  DC  power  supply.  The  output  of  the  0- 
lkV  power  supply  is  used  to  bias  the  Wehnelt  grid  of  the 
triode,  to  control  the  amount  of  electron  emission  from 
the  cathode.  The  0-5A  constant  current  source  is  used  to 
heat  the  filament  to  its  particular  operating  temperature 
and  finally,  the  0-10kV  supply  applies  the  potential 
difference  between  the  anode  and  the  cathode  to  produce 
the  electron  beam.  Each  aspect  of  these  supplies  is 
controlled  via  a  single  micro-controller  allowing  the 
triode  operating  parameters  to  be  set  and  monitored  by 
the  PC. 

3.2  Electron  Bunching 

The  second  stage  consists  of  a  1.8°  stepper 
motor,  a  0.5 A  DC  constant  current  source  and  a  ±0.2A 
constant  current  source.  The  stepper  motor  is  connected 
to  the  moveable  short  circuit  via  a  vacuum  rotary  drive, 
which  allows  the  short  circuit  to  be  positioned  to  within 
5pm.  The  0.5 A  DC  constant  current  source  supplies  the 
magnetic  lens  that  focuses  the  electron  beam.  The  ±0.2 A 
constant  current  source  drives  the  saddle  type  steering 
coil.  These  are  both  controlled  -by  a  single  micro¬ 
controller  and  form  the  second  node  of  the  micro¬ 
controller  network. 


The  electron  bunching  section  also  consists  of  a 
voltage  controlled  oscillator,  feeding  a  40dB  microwave 
amplifier.  The  amplifier  delivers  1W  of  microwave 
power  into  the  bunching  cavity,  through  the  high  voltage 
chamber,  using  two  horns  either  side  of  a  5mm  thick 
PTFE  disc.  The  microwave  power  is  then  passed  into  the 
bunching  cavity  via  a  vacuum-sealed  quartz  window.  The 
PC  can  directly  control  the  VCO  and  by  measuring  the 
voltage  across  the  microwave  diode  on  the  cross  coupler, 
the  short  circuit  can  be  moved  to  maximise  the  resonance 
at  the  required  frequency. 

3.3  Electron  Accelerating 

The  final  stage  consists  of  a  200k V,  18mA  DC 
Glassmann  high  voltage  power  supply.  This  is  controlled 
by  two  0-10V  signals,  one  to  adjust  the  operating  voltage, 
the  other  to  set  the  current  limit.  Two  0-1 0V  feedback 
signals  are  monitored  by  an  A/D  interface  card,  one 
measuring  the  voltage  and  the  other  measuring  the 
current  supplied. 

4.  Conclusion 

It  has  been  found  that,  although  its  possible  to 
control  the  whole  of  a  CW-FEM  via  a  network  of  low 
cost  micro-controllers  [3]  the  time  taken  to  respond  to 
any  change  in  the  system  is  long  («2  seconds).  The 
combination  of  a  distributed  micro-controller  network 
and  direct  control  via  a  PC  allows  a  fast  response  to  any 
system  changes  and  therefore  means  a  reliable  closed 
loop  control  can  be  achieved.  This  control  scheme  has 
been  successfully  implemented  in  the  current  CW-FEM 
at  the  University  of  Liverpool  [2]. 
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The  cathode  requirements  for  free  electron  lasers 
(FELs)  are  high  brightness  and  high  peak  current.  Cold 
field  emission  cathodes  fabricated  from  appropriate 
material  have  the  potential  of  delivering  the  required 
current  for  a  range  of  FELs.  The  electron  beam  emitted 
from  the  sharp  tip  of  a  single  field  emitter  is  by  nature 
very  bright.  For  applications  requiring  collimated,  high 
brightness  beams  with  very  high  peak  currents 
approaching  one  Ampere,  single  field  emitter  tips  may  be 
the  best  cathode  choice. 

Historically,  tungsten,  W,  and  molybdenum.  Mo, 
field  emitters  are  used  and  are  capable  of  relatively  high 
field  emission  currents,  but  are  very  sensitive  to 
contaminants  and  require  ultra-high  vacuum  for  stable 
operation.  Silicon  or  gallium  arsenide  emitters  are  much 
more  tolerant  of  the  operating  environment,  but  have  a 
much  lower  field  emission  current  limit. 

Field  emission  cathodes  made  from  refractory 
transition  metal  carbides  have  many  desirable  properties 
for  this  high-brightness  and  high-current  application.  The 
two  most  promising  materials  are  hafnium  carbide,  HfC, 
and  zirconium  carbide,  ZrC.  These  carbides  have  low 
chemical  reactivity,  are  very  stable  thermally,  and  are 
extremely  resistant  to  sputtering  and  diffusion.  The  work 
functions  for  these  carbides  are  slightly  more  than  1  eV 
lower  than  for  Mo  or  W.  Field  emitters  have  been  made 
from  single  carbide  crystals  [1,2]  and,  in  addition,  these 
materials  have  also  been  used  as  thin-film  coatings  on  Mo 
field  emitters  and  Mo  FEAs  to  improve  emission  property 
[3].  The  following  table  summarizes  relevant 
experimental  data  (the  radius  of  curvature  reported  is  based 
on  SEM  measurements). 

Table  I:  Summary  of  Emission  Measurements 
from  HfC  and  ZrC 

•  Stable  DC  currents  of  3  mA  to  5  mA  have  been 
routinely  obtained  from  single  crystal  ZrC  and  HfC 
tips  at  1500  K  with  radius  of  curvature  about  60  nm. 

•  Pulsed  current  of  49  mA  has  been  obtained  from  a 
single  crystal  ZrC  tip  at  300  K  with  radius  cf 
curvature  about  90  nm  with  pulse  length  of  10  [Is 
and  duty  factors  of  0.01  to  0.001. 


•  Stable  DC  currents  about  0.5  mA  have  been  obtained 
from  single  crystal  Mo  tips  coated  with  ZrC  at  300  K 
with  radius  of  curvature  about  30  nm  to  60  nm. 

•  Calculated  emission  current  densities  are  in  the  108 
A/cm2  range  at  the  tip. 

•  Lifetime  »  3000  hours  at  5  mA  in  ultra-high 
vacuum  has  been  demonstrated.  Test  was  terminated 
not  due  to  tip  failure. 

•  Emitters  have  been  operated  in  the  100-500  pA  range 
while  at  pressures  as  high  as  5  X  10*s  torr  of  air. 

While  DC  field  emission  currents  from  a  single 
carbide  field-emitter  have  routinely  been  measured  in  the 
mA  range,  higher  currents  can  be  obtained  from  tips  with 
a  larger  tip  radius.  In  addition,  lasers  could  be  used  to 
significantly  increase  the  emission  current.  Photoelectric 
field  emission  or  high  field  photoemission  may  be  able  to 
deliver  a  peak  current  from  a  single  tip  as  high  as  one 
Ampere.  These  techniques  are  currently  under 
investigation  at  Vanderbilt  University  [4-6]  and  at 
Brookhaven  National  Laboratoiy  [7,8], 

No  experimental  measurement  of  normalized 
emittance  from  a  single  gated  tip  has  been  reported,  but 
indirect  experimental  data  indicate  that  the  normalized 
emittance  may  be  better  than  10’27t  mm-mrad  [9,10].  An 
estimate  of  normalized  beam  brightness  from  a  single  tip 
is  on  the  order  of  1015  A/(mz-steradian)  at  current  1=10 
mA  [4,5]. 

Using  designs  obtained  from  2D  and  3D  simulation 
codes,  we  have  the  ability  to  use  extraction  apertures  and 
integrated  focusing  elements  to  provide  beam  confinement 
and  efficient  electron  extraction  for  pulsed  applications. 
We  are  currently  working  to  develop  electron  guns  using 
these  materials  and  designed  for  FEL  applications,  for 
micro  FELs  and  for  the  Infrared  FEL  at  Thomas  Jefferson 
National  Accelerator  Facility. 
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1  INTRODUCTION 

The  design  of  Linac  Coherent  Light  Source  (LCLS)  at 
SLAC  requires  the  energy  spread  of  the  beam  to  be  less 
then  0.1%  [1].  Longitudinal  Wakefields  in  the  accelerator 
tend  to  redistribute  the  bunch  energy  and,  if  large  enough, 
can  cause  degradation  of  the  beam  performance.  It  has  been 
pointed  out  by  Bane,  Chao  and  Ng  [2] ,  that  one  of  the  ma¬ 
jor  sources  of  wakefields  for  the  LCLS  might  be  the  wall 
surface  roughness  in  the  undulator.  The  model  developed 
in  Ref.  [2]  assumes  that  a  rough  surface  can  be  represented 
as  a  collection  of  bumps  of  relatively  simple  shapes  (hem- 
isheres,  half  cubes,  etc.),  and  the  impedance  is  calculated  a 
sum  of  impedances  for  each  shape  with  account  of  density 
of  the  bumps  per  unit  area. 

In  this  paper,  we  develop  a  theory  of  impedance  due  to 
the  surface  roughness  of  a  perfect  conductor,  using  a  small- 
angle  approximation  for  the  wall  surface.  Our  final  result 
is  the  expression  for  the  impedance  in  terms  of  the  spectral 
function  of  the  surface  profile.  The  formula  represents  the 
contribution  of  different  scales,  and  can  be  used  for  esti¬ 
mation  of  the  impedance  based  on  statistical  properties  of 
the  surface.  A  simple  model  of  a  fractal  random  surface  is 
considered,  and  it  is  shown  that  the  impedance  is  propor¬ 
tional  to  the  rms  square  of  the  bumps  height  divided  by  the 
correlation  length  of  the  bumps.  The  result  is  compared  to 
the  Bane-Chao-Ng  model. 

2  ASSUMPTIONS  AND  STATISTICAL 
PROPERTIES  OF  A  ROUGH  SURFACE 

The  detailed  derivation  of  the  impedance  of  round  pipe  with 
rough  surface  can  be  found  elsewhere  [3],  Here  we  outline 
the  main  assumptions  and  present  the  final  formula  for  the 
longitudinal  impedance. 

Our  approach  is  based  on  the  assumption  of  small-angle 
approximation.  If  we  assume  that  the  rough  surface  is  given 
by  equation  y  —  h(x ,  z),  where  x ,  y  and  z  are  the  cartesian 
coordinates,  and  h  is  the  local  height  of  the  surface,  then  the 
small-angle  approximation  means  that  the  angle  between 
the  normal  to  the  surface  and  the  vertical  direction  (y  axes) 
is  much  smaller  than  unity,  or 

|V/i|«l.  (1) 

This  assumption  allows  to  develop  a  rather  general  the¬ 
ory  of  impedance,  which  with  a  good  accuracy  works  even 
when  (\Vh\  ~  1). 

In  addition  to  Eq.  (1),  we  also  require  that  of 

the  bumps  and  their  characteristic  size  g  be  smau  w^upared 


to  the  radius  of  the  pipe  60, 

0,  \h\  «  b0.  (2) 

Evidently,  this  inequality  is  easily  satisfied  for  realistic  val¬ 
ues  of  0,  h  and  &o* 

There  is  one  more  condition  that  simplifies  the  consider¬ 
ation.  Typically,  the  size  of  the  surface  bumps  g  is  on  the 
order  of  microns,  and  the  bunch  length  oz  in  FEL  is  of  the 
order  of  at  least  tens  of  microns.  This  means  that  the  char¬ 
acteristic  frequency  of  interests  ~  c/crz  is  small  compared 
to  c/p, 

v  <  c/g .  (3) 

To  describe  the  statistical  properties  of  a  rough  surface, 
we  introduce  the  correlation  function  K (x,  y)  such  that 

K(x  -  x\z  -  z')  —  (i h{x\z')h{x^z )) ,  (4) 

where  the  angular  brackets  denote  averaging  over  possi¬ 
ble  random  profiles  /i(x,  z).  Eq.  (4)  assumes  that  statisti¬ 
cal  properties  of  the  surface  do  not  depend  on  the  position, 
which  is  true  due  to  the  macroscopic  nature  of  the  rough¬ 
ness.  An  important  statistical  characteristic  of  the  rough¬ 
ness  is  the  spectral  density  (or  spectrum )  R(kz,kx),  de¬ 
fined  as  a  Fourier  transform  of  the  correlation  function, 

R(kx,kz)  =  }2  J  dxdzK{x,z)e~lKxX~ZKxZ .  (5) 

If  the  surface  is  statistically  isotropic  (all  direction  in  the 
x  —  y  plane  are  statistically  equivalent),  the  spectrum  R 
depends  only  on  the  absolute  value  of  the  wave  number 
«  =  +  k\,  R  =  R(k). 

The  main  result  of  Ref.  [3]  is  that  the  longitudinal 
impedance  of  a  circular  pipe  of  radius  bo  with  a  rough 
perfectly  conducting  surface  characterized  by  the  spectral 
function  R(kx,kz)  in  the  frequency  range  limited  by  the 
condition  (3)  is  given  by  the  following  equation: 

Z{io)  =  “7T“T~  [  dKzdnxR(Kx,Kz)—  ,  (6) 

27tD0  J  & 

where  now  the  z-axes  is  directed  along  the  pipe  axes,  and 
the  x  axes  is  locally  directed  along  the  azimuthal  coordi¬ 
nate  9.  We  note  again,  that  due  to  assumed  smallness  of 
the  surface  structures,  we  can  use  the  local  Cartesian  coor¬ 
dinate  system  x,  y  and  z  in  Eqs.  (4)  -  (6)  instead  of  the 
global  cylindrical  coordinate  system  0,  r  and  z. 

Eq.  (6)  tells  that  the  contribution  to  Z  of  roughness 
in  longitudinal  (z)  and  azimuthal  directions  are  not  equal: 
the  presence  of  the  factor  k2z  in  the  integrand  means  that 
bellow-type  variations  on  the  surface  are  more  dangerous 
than  ridges  on  the  surface  going  in  the  longitudinal  direc¬ 
tion. 
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3  SURFACE  MODELS 

As  a  model  of  a  rough  surface,  we  consider  here  a  power 
spectrum,  limited  at  small  wavelengths,  R(k)  =  Ati~q  for 
k  >  Ko,  and  R(k)  =  0  for  k  <  Ko,  where  kq  is  the  minimal 
value  of  spectrum,  q  >  0  is  a  power  factor,  and  A  defines 
the  amplitude  of  the  roughness.  The  parameter  «0  can  be 
expressed  in  terms  of  the  characteristic  correlation  length, 
lc,  of  the  random  profile,  «o  ~  tt//c.  We  can  also  relate 
the  factor  A  to  the  rms  height  d  of  the  roughness,  using  the 
relation 


p  oo  n_  A 

d2  =  2tt  /  KdnR{n)  = - 7:Ko~q  •  0) 

Jo  q  -  2 

For  the  convergence  of  the  integral  we  have  to  require  q  > 
2.  The  shape  of  the  surface  for  two  different  values  of  q 


Figure  1:  Fractal  surfaces  for  q  —  3.5  and  q  —  4.  Smaller 
values  of  q  give  more  ’’spiky”  profiles. 

obtained  with  a  help  of  computer  code  described  in  [4]  is 
shown  in  Fig.  1.  It  turns  out,  that  increasing  the  value 
of  q  makes  the  surface  smoother.  Using  Eq.  (6)  we  can 
calculated  the  impedance  of  such  surface, 

ry l  \  ikZo  q  2  2  ✓ON 

Z(u))  =  -—r - ~d  k0.  (8) 

47r&o  q  -  3 

Again,  for  convergence,  we  need  to  require  that  q  >  3,  oth¬ 
erwise  the  integral  diverges  as  k  -4  oo.  This  requirement 
is  stronger  than  the  convergence  condition  for  Eq.  (7),  and 
is  due  to  a  relatively  slow  decay  of  the  spectrum  at  large  «. 

4  COMPARISON  WITH  BANE-NG-CHAO 
MODEL 

To  compare  our  result  with  Ref.  [1],  we  write  down  here 
the  impedance  from  [1] 


Z(u)  =  - 


ikfaZp 
Sir2  bo 


a, 


(9) 


where  a  is  the  height  of  the  bumps,  /  is  a  form-factor 
that  depends  on  the  choice  of  specific  shape  modeling  the 
bumps  (/  varies  from  about  5  to  20  for  different  shapes 

[2]),  and  a  is  the  filling  factor  characterizing  the  number  of 
bumps  per  unit  area.  For  numerical  estimate  in  [1]  it  was 
assumed  that  /  =  5  and  a  =  0.5.  To  compare  this  result  to 


our  model,  we  have  to  express  the  rms  height  d  in  terms  of 
a ;  a  simple  calculation  gives  d  =  y/ a/ 2d. 

Returning  to  the  fractal  model,  we  will  chose  q  =  4 
as  reasonable  approximation  for  a  real  surface  profile.  A 
choice  of  the  correlation  length  lc  that  would  be  compati¬ 
ble  with  [1]  requires  that  lc  be  of  the  order  of  the  bump’s 
height,  that  is  ~  7 r/d.  This  reduces  Eq.  (8)  to 

=  (10) 

ZOo 

Comparing  Eqs.  (9)  and  (10),  we  see  that  they  have  same 
scaling,  but  different  numerical  factors.  Eq.  (10)  gives 
about  three  times  larger  impedance  (for  Ko  ~  n/d)  than 
quoted  in  [1]. 

We  want  to  emphasize  here  that  the  right  choice  of  the 
correlation  length  lc  is  critical  for  the  estimation  of  the 
impedance  (8).  Although  we  do  not  have  detailed  data  for 
the  roughness  spectrum  of  a  real  surface  (which,  of  course, 
depends  on  the  particular  manufacturing  process  involved), 
there  are  some  indication,  that  in  many  cases  lc  may  be  10- 
30  times  larger  than  assumed  above  [5].  If  that  assumption 
is  correct,  then  the  impedance  would  be  about  an  order  of 
magnitude  smaller  then  estimated  above. 

5  CONCLUSIONS 

We  have  developed  a  theory  of  impedance  of  perfectly  con¬ 
ducting  rough  surface  in  small-angle  approximation.  The 
effect  of  finite  conductivity  is  independent  of  the  geomet¬ 
rical  wake,  and  is  additive  to  the  one  found  in  this  paper. 
Using  as  an  example  a  statistically  fractal  surface  with  a 
power  spectrum,  we  calculated  the  longitudinal  impedance 
as  a  function  of  statistical  characteristics  of  the  surface. 
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One  method  to  increase  the  efficiency  of  free-electron 
lasers  is  to  recover  some  of  the  spent  beam  power  by 
converting  it  to  rf  power  as  the  beam  excites  a 
superconducting  cavity,  as  in  the  CEBAF  FEL.  The  rf 
power  must  then  be  rectified  to  dc  or  pulsed  power  which 
can  be  re-circulated  to  decrease  the  required  wall-plug  power. 
A  method  to  achieve  this  rectification  is  to  accelerate  a  low 
voltage,  high  current  beam  and  then  to  use  a  single-stage 
depressed  collector  to  deliver  the  beam  power  to  an  external 
circuit.  This  paper  describes  experiments  underway  at  Yale 
University  to  demonstrate  such  a  rectifier. 

A  cyclotron  autoresonance  accelerator  (CARA) 
currently  in  use  at  Yale  has  demonstrated  the  transfer  of  rf 
power  to  electron  beam  energy  with  very  high  efficiency!!]. 
The  proposed  rectifier  under  construction  uses  a  2.856  GHz 
CARA  as  the  low  voltage,  high  current  accelerating 
structure,  and  a  single-stage  depressed  collector  is  being 
developed  to  recover  energy  from  the  accelerated  beam.  It 
should  be  noted  that  the  2.856  GHz  frequency  used  for  these 
experiments  is  due  to  the  availability  of  a  former  SLAC 
XK-5  klystron  installed  at  Yale.  Scaling  to  the  CEBAF 
frequency  of  1 .5  GHz  is  straightforward. 

RF  absorption 

CARA  was  run  at  rf  levels  of  0.23,  0.8  and  1.2  MW  to 
determine  the  viability  of  CARA  at  absorbing  relatively 
low  power  levels.  Prior  experiments  had  been  performed  at 
3-8  MW  of  input  rf  power.  Fig.  1  shows  the  1.23  MW 
case  where  97.4%  of  the  incident  power  was  absorbed  by 
the  78.5  kV,  22  A  beam.  32  kW  of  power  was  reflected 
from  the  input  coupler  (2.5%),  which  gave  a  net  95% 
absorption  of  the  incident  rf.  For  this  case  the  final  beam 
voltage  was  131  kV.  The  other  cases,  not  shown  here,  also 
had  overall  rf-to-beam  efficiencies  in  excess  of  90% 

One  consideration  for  an  installed  system  is  the  manner 
in  which  it  responds  to  variations  in  input  power.  CARA 
absorption  was  optimized  for  1 .2  MW  of  input  rf  power  and 
then,  without  reoptimizing  the  beam  or  magnetic  field 
parameters,  the  input  rf  was  varied  by  ±  20%.  As  is  seen 
in  Fig.  2  the  efficiency  drops  by  only  2%  (from  94%  to 
92%)  for  a  ±  10%  variation  in  input  power.  As  the  power 
level  is  changed  by  ±  20%  the  absorption  drops  to  about 
80%. 


Fig.l.  Absorbtion  measurement  at  the  end  of 
CARA,  showing  in  excess  of  97%  of  the 
power  incident  on  the  beam  to  be 
absorbed. 


Fig.  2.  Absorption  efficiency  as  input  rf  is 
changed,  showing  the  relative 
insensitivity  of  CARA  to  ±10%  changes 
in  rf  conditions. 


Conversion  efficiency 

The  overall  rectifier  efficiency  for  converting  rf  to 
dc  is  given  by 


(1) 


n-60 


where  Pcou  is  the  power  recovered  on  the  depressed 
collector,  Pfa  is  the  initial  beam  power  and  Pyj  is  the 
incident  rf  power  to  be  rectified.  If  one  defines  the  collector 
efficiency  as  TJcon  =  Pcou  jPbf  and  lhe  fina*  beam 

power  as  Pbf  =  Pbi  +  VCARA^rf  where  1CARA  is  the 

efficiency  of  CARA,  then  one  can  obtain  the  following 
relation  for  the  overall  collector  efficiency 

p 

Vrf  =  Vcoll  *lCARA  “(1_  Vcoll )~^L 

rrf 

From  Eq.  2  it  is  seen  that  the  maximum  efficiency  is 
given,  as  expected,  by  the  product  of  the  CARA  and 
collector  efficiencies  with  a  correction  due  to  the  use  of  the 
electron  beam.  What  is  also  evident  is  that  to  maximize 
the  overall  efficiency  the  ratio  of  beam  power  to  rf  power 
should  be  minimized. 

Simulation  results 

Simulations  were  performed  using  both  cold  and  warm 
beams  to  model  both  CARA  and  the  depressed  collector. 
For  a  cold  beam  the  collector  efficiency  is  near  100%  and 
the  overall  rf  conversion  efficiency  is  limited  by  the  CARA 
efficiency  as  seen  in  Eq  2.  Simulations  were  also  run  for  a 
warm  beam  with  initial  rms  axial  velocity  spreads  on  the 
electron  beam  ranging  from  0.4%  to  1%.  For  all  the 
simulations  the  initial  beam  was  taken  as  10 A,  46.4  kV 


CARA 

detuning 

> 

2Tf 

u  >- 

CARA  end 
Ay  (kV) 

CARA  end 
<Y>  (kV) 

'w' 

6 

depressed 
voltage  (kV) 

g 

<4_< 

P* 

() 

121.2 

40.40 

146.2 

95T75” 

118.2 

1TW~ 

um~ 

T3T5"" 

21  02 

145.2 

98.82 

n$r~ 

81.75 

-0.04 

134.8 

15.67 

144.0 

97.55 

131.8 

84.94 

-0.05 

134.1 

12.56 

141.7 

95.34 

131.1 

84.24 

Table  I:  Rectifier  simulation  using  a  0.5%  rms  axial 
beam  spread  on  the  initial  10A,  46.4  kV  beam. 


Table  I  shows  the  simulation  results  for  an  axial  velocity 
spread  of  0.5%  for  the  initial  beam.  It  has  been  shown 
previously  that  slight  detunings  of  the  magnetic  field  away 
from  exact  resonance  in  CARA  can  greatly  limit  the 
velocity  spread  growth  during  the  acceleration  process  with 
only  slight  degradation  in  the  absorption  efficiency.[2]  As 
seen  in  Table  I,  for  a  detuning  parameter  of  -0.04,  a 
maximum  rf  conversion  efficiency  of  nearly  85%  can  be 
achieved.  For  initial  axial  velocity  spreads  of  0.4%  and 


1.0%,  the  maximum  rf  efficiencies  are  86%  and  79% 
respectively,  all  with  a  detuning  parameter  of  -0.04. 

The  simulations  of  the  collector  have  led  to  a 
preliminary  design  indicated  in  Fig.  3.  The  simulations 
shown  are  for  a  collector  in  which  primary  electrons  require 
a  minimum  of  three  reflections  to  reverse  their  direction  and 
escape  into  the  retarding  region  The  solid  angle  for  low 
energy  secondary  electrons  to  escape  into  the  retarding 
region,  where  they  would  be  accelerated  back  toward 
CARA,  is  small.  The  final  design  will  minimize  the  effect 
of  secondary  electrons. 


Fig.  3.  Preliminary  design  of  the  single  stage 
depressed  collector  showing  the  particle 
trajectories,  energies,  axial  magnetic  field 
and  retarding  potential. 

Summary 

It  has  been  demonstrated  experimentally  that  the 
expected  1  MW  of  rf  power  generated  from  the  slowing 
down  of  the  spent  CEB  AF  FEL  beam  could  be  absorbed  by 
CARA  with  efficiencies  up  to  95%.  Simulations  have 
indicated  that  the  accelerated  beam  from  CARA  could  be 
rectified  using  a  single  stage  depressed  collector  with  rf-to- 
dc  efficiencies  as  high  as  85%. 
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Abstract 


Using  the  longitudinal  dispersion  of  a  magnetic  chicane,  and  off-phase  acceleration  in  a  radio  frequency  electric 
field,  it  is  possible  to  transform  a  highly  relativistic  electron  bunch  such  that  a  temporal  slice  from  the  initial 
phase-energy  space  is  converted  into  an  energy  slice  of  the  final  phase  space.  An  energy  spectrometer  can  be  used 
to  analyze  the  final  energy  distribution,  revealing  the  longitudinal  density  profile  of  the  initial  electron  bunch.  We 
estimate  the  limits  of  resolution  attainable  with  this  technique,  and  we  present  bunch  profile  measurements  from 
the  Stanford  Superconducting  Accelerator  front  end  with  a  resolution  better  than  300  femtoseconds. 


1.  Introduction 

Extremely  short  relativistic  electron  bunches  are 
usually  measured  in  the  frequency  domain  using  spectral 
analysis  of  coherent  radiation,1  or  they  are  measured  in  the 

time  domain  using  a  streak  camera  or  radio  frequency 

2 

(RF)  accelerator  phasing  techniques.  Streak  cameras 
have  only  recently  achieved  truly  sub-picosecond 

3 

resolution.  The  expense  and  effort  of  installing  such  a 
streak  camera  have  led  many  facilities  to  prefer  off-phase 
RF  acceleration  because  the  required  instruments — 
accelerator  phase  and  amplitude  controls,  and  a  beam 
energy  spectrometer — are  already  in  operation  in  most 
accelerator  systems.  In  its  simplest  form,  the  off-phase 
acceleration  (OP A)  technique  requires  running  a  section 
of  the  RF  accelerator  at  such  a  phase  that  the  electric  field 
is  ramping  up  or  down  rapidly  while  a  relativistic  electron 
bunch  passes  through.  Electrons  entering  the  OPA  section 
receive  an  energy  increment  that  varies  in  proportion  to 
their  time  of  arrival.  The  final  energy  distribution, 
measured  in  a  spectrometer,  should  resemble  the  temporal 
profile  of  the  initial  bunch  if  the  energy  spread  imparted 
by  the  OPA  is  much  greater  than  the  initial  energy  spread. 
However,  for  many  linear  accelerators  the  initial  energy 
spread  of  the  beam  is  large  enough  that  sub-picosecond 
bunch  profiles  cannot  be  measured  this  way. 

*  Work  supported  in  part  by  ONR  Grant  N000 140-94- 1-1024. 


Here  we  demonstrate  a  modification  of  the  OPA 

4 

method,  suggested  three  years  ago,  that  can  significantly 
improve  temporal  resolution.  The  beam  passes  first 
through  a  longitudinally  dispersive  magnetic  chicane  and 
then  into  the  OPA  and  spectrometer.  The  dispersion  of  the 
chicane  is  set  so  that  each  time  slice  of  the  initial  beam 
phase  space  will  map  to  a  unique  energy  in  the  final  phase 
space,  regardless  of  its  initial  energy  spread.  This  has 
enabled  us  to  measure  electron  bunch  profiles  at  the 
Stanford  Superconducting  Accelerator  (SCA)  with  a 
resolution  better  than  300  femtoseconds. 

2.  Theory  of  the  Technique 

The  longitudinal  motions  of  electrons  within  a  bunch 
will  be  described  here  using  the  coordinates  t  (time)  and  E 
(energy)  relative  to  the  central  position  and  mean  energy 
of  the  bunch.  As  the  bunch  passes  through  the  chicane 
and  OPA,  its  coordinates  transform  according  to  the  linear 
transport  matrices  in  equation  (1): 


"l  0" 

"1  8' 

t  +  SE 

a  1 

0  1 

E 

at  +  (\+aS)E 

OPA  chicane  initial  final 

where  8  is  the  longitudinal  dispersion  of  the  chicane  in 
picoseconds/keV,  and  a  is  the  rate  of  change  of  the  OPA 
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in  keV/picosecond.  Notice  that  if  the  chicane  and  OPA 
are  adjusted  so  that  aS  =  -1 ,  then  the  final  energy 

coordinate  will  be  Efinal  =  ouinitiai ,  and  a  measurement  of 

the  final  energy  distribution  will  yield  the  temporal 
distribution  of  the  initial  bunch.  In  effect,  the  chicane 
disperses  the  initial  beam  in  just  such  a  way  that  the  OPA 
removes  the  initial  energy  spread  from  each  temporal  slice 
of  the  phase  space.  To  first  order,  such  a  profile 
measurement  has  resolution 

A/  =  A ESpecl(X  ,  (2) 

where  AEspec  is  the  energy  resolution  of  the  spectrometer. 
In  conventional  OPA  measurements  without  the  chicane, 
5  =  0  in  equation  (1)  and  the  final  energy  distribution 
contains  the  temporal  profile  convolved  with  the  initial 
energy  spread  AEbeam •  Then  the  profile  measurement  is 
degraded  to  a  resolution  AEbean/a  at  best,  if 
AE 'beam  »  ^spec  as  usually  the  case.  Note  that 

adding  even  a  small  amount  of  longitudinal  dispersion 
before  the  OPA  can  improve  this  situation  by  changing  the 
effective  beam  energy  spread  to  (l  +  a8)AEbeam. 

3.  Measurements  at  the  SC  A 

Figure  1  shows  electron  bunch  profiles  measured  with 
this  method.  The  SCA  front  end  accelerated  a  beam  with 
4.2x1 07  electrons  per  bunch  to  19  MeV,  with  an  initial 
energy  spread  of  130  keV  FWHM  (full  width  at  half 
maximum)  in  the  spectrometer.  The  beam  is  typically 
bunched  to  a  few  picoseconds  or  less  in  the  SCA  front  end 
to  provide  high  current  density  for  the  operation  of  a  free 
electron  laser  (FEL).  Magnetic  chicanes  provided  -0.012 
ps/keV  longitudinal  dispersion  at  19  MeV.  The  final 
sections  of  the  1.3  GHz  RF  accelerator  were  run  off-phase 
to  provide  an  acceleration  that  ramped  up  at  84  keV/ps. 


Figure  1.  Profiles  of  electron  bunches  from  the  SCA  front  end. 
Bunch  A  was  generated  with  the  SCA  configured  for  FEL 
operation.  Bunch  B  was  then  produced  by  adjusting  the  phase 
and  amplitude  of  the  buncher  and  front  end  accelerator  structures. 


At  these  settings,  the  final  beam  energy  was  27  MeV  and 
the  profile  resolution  in  a  0.08%  energy  spectrometer  was 
approximately  260  fs,  from  equation  (2). 

Bunch  A  of  Figure  1  was  produced  with  the  SCA  in  a 
near-optimal  state  for  FEL  operation.  Notice  that  most  of 
the  current  is  bunched  tightly  in  the  central  peak  with  a 
FWHM  of  1 .4  ps,  but  a  significant  amount  remains  in  a  3 
ps  long  lobe  at  the  front  of  the  pulse.  Bunch  B  was 
produced  by  monitoring  the  pulse  shape  in  the 
spectrometer  while  repeatedly  adjusting  the  SCA  front  end 
RF  phases  and  amplitudes  in  an  effort  to  create  a 
structured  bunch.  A  wide  variety  of  interesting  pulse 
shapes  can  be  obtained  this  way. 

4.  Discussion 

With  higher  acceleration  gradients  and  better 
spectrometer  resolution,  this  measurement  could  be 
extended  to  much  shorter  time  scales.  For  example, 
consider  a  100  MeV  beam  passing  through  a  chicane  and 
into  a  10  MeV  section  of  a  10  GHz  linear  accelerator 
running  90°  off-phase.  With  a=630  keV/ps,  and  a  0.01% 
energy  spectrometer,  equation  (2)  gives  a  resolution  of  16 
fs.  On  these  time  scales,  care  must  be  taken  to  consider 
second  order  coupling  from  transverse  phase  space  and 
nonlinear  longitudinal  dispersion.  These  calculations 
have  been  presented  elsewhere.5  At  the  SCA,  the 
nonlinear  chicane  dispersion  is  about  30  fs,  while 
transverse  focusing  produces  errors  on  the  order  of  90  fs. 
This  transverse  focusing  limit  may  be  difficult  to 
overcome  with  the  typical  SCA  emittances  of  10  %  mm 
mrad.  However,  in  newer  accelerators  with  an  order  of 
magnitude  less  emittance,  these  terms  will  be  much 
smaller,  and  bunch  profiles  with  less  than  30  fs  resolution 
may  be  achieved. 

We  expect  that  this  bunch  profile  diagnostic  technique 
will  help  in  optimizing  bunch  length  and  shape  in 
accelerators  where  ultra  short  electron  bunches  are 
required.  In  the  near  future  we  will  use  this  method  at  the 
SCA  to  evaluate  and  to  supplement  our  coherent  radiation 
diagnostics  for  bunch  length  and  longitudinal  phase  space. 
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Abstract 

The  Free  Electron  Laser  operation  in  the  UV  for  user  applications  at  short  wavelengths  requires  dielectric  mul¬ 
tilayer  mirrors  with  very  low  initial  loss.  Complete  characterization  of  UV  mirrors  is  described  and  new  Super- 
ACO  FEL  performance  is  reported. 


1. Introduction 

Ultra-violet  Free-electron  Laser  operation  requires 
high  reflectivity  dielectric  multi  layer  mirrors. 

The  total  losses  ( P )  for  such  a  mirror  are  given  by 
the  relation  (1): 

p  =  T  +  A  +  D  (1) 

with  T  the  transmission,  A  the  absorption  and  D  the 
scattering  losses. 

The  choice  of  the  number  of  layers  determines  the 
mirror  transmission,  which  can  thus  optimize  the  FEL 
extracted  power  de-pending  on  the  gain  and  total 
losses.  Low  values  of  the  transmission  maximize  the 
intracavity  laser  power  for  Coherent  Harmonic  Gen¬ 
eration  produced  by  the  FEL. 

2.  Complete  characterization  system 

In  order  to  accurately  characterize  the  initial  loss 
and  mirror  performance  each  component  of  eq.  (1) 
should  be  measured  separately.  At  Super-ACO,  the 
transmission  is  measured  with  a  CARY  spectrometer, 
and  the  total  losses  are  measured  with  an  accuracy  of 
about  5%  using  the  well-known  (since  1980)  phase 
shift  method  [1-2].  More  recently  (1997),  the  absorp¬ 
tion  has  been  directly  measured  (down  to  10  ppm), 
with  a  system  based  on  the  mirage  effect  [3,  4].  The 
roughness,  which  is  responsible  for  the  scattering 
losses,  has  first  been  measured  (down  to  20  pm)  with 
a  uni-dimensional  interferometric  profilometer  (1992) 
[5].  More  recently  (1998),  a  two-dimensional  profilo¬ 
meter  system  has  been  developed  so  two-dimensional 


roughness  pro-files  can  be  acquired  over  a  surface  area 
of  about  1  mm2.  Direct  measurements  of  the  total  scat¬ 
tered  light  on  substrates  have  also  been  made  in  col¬ 
laboration  with  the  optical  laboratory  of  the  "Ecole  Na¬ 
tional  Superieure  de  Physique  de  Marseille"  [3,  6]. 
Nevertheless,  at  Super-ACO,  the  scattering  losses  are 
mainly  evaluated  from  the  roughness  measurements. 

2.1  Surface  roughness  and  scattering  losses 

According  to  the  “Scalar  Theory”  from  Bennet  and 
Porteus  [7],  the  following  relation  gives  the  scattering 
losses: 


where  A  is  the  wavelength  of  the  incident  light  and  8 
is  the  roughness  defined  as  RMS  value  of  the  mirror 
surface  profile.  Nevertheless,  for  a  dielectric  multilayer 
mirror,  eq.  (2)  cannot  be  simply  applied  using  the  sur¬ 
face  roughness  because  the  multilayer  structure  leads  to 
multiple  scattering  at  the  interfaces.  Assuming  an  inter¬ 
face  roughness  8 ,  and  transmission  Tin,  the  total 
scattering  of  the  N  multilayers  (with  high  rih  and  low 
ni  indices)  is: 


with  Tin  -4nh  -nj(nh  +n()2  In  fact,  the  scattering 
losses  increase  with  shorter  wavelengths,  and  depend 
also  on  the  number  of  layers  and  on  the  layer  materials. 
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The  scattering  losses  of  an  A^CtySiC^  mirror  is  thus  7 
times  larger  than  that  of  a  Ta2C>5/Si02  mirror  of  identi¬ 
cal  transmission. 

3.  Experimental  results 


Figure  1  illustrates  the  relation  between  the  scat¬ 
tering  losses  and  the  roughness.  The  scattering  losses 
have  been  estimated  experimentally,  from  the  inde¬ 
pendent  measurements  of  the  total  losses,  transmission 
and  absorption  (D  =  P-(T  +  A)),  and  calculated  by 
using  eq.  (3).  The  scattering  loss  follows  a  parabolic 
variation  as  a  function  of  roughness,  D  =  a-S2,  with 

a  =  2.5*10“4  [Ay2.  This  study  gives  a  good  criterion 
to  select  the  substrates  before  layer  deposition. 


Figure  1.  Scattering  losses  as  a  function  of  roughness 
for  a  set  qfTa20s/Si02  dielectric  multilayers  mirrors  at 
the  wavelength  of 350  nm.  (*):  Experimentally  esti¬ 
mated.  (A):  Calculated  from  the  roughness  values. 


4.  Consequences  for  the  FEL 


The  tunability  range  and  output  power  of  the  FEL 
depend  on  the  difference  between  maximum  laser  gain 
and  optical  cavity  loss.  Good  optics  are  thus  very  im¬ 
portant  for  FEL  performance.  In  addition,  for  a  given 
value  of  the  transmission,  the  output  laser  power  dra¬ 
matically  decreases  if  A  and  D  increase. 

A  500  MHz  RF  harmonic  cavity  has  been  installed 
in  the  Super-ACO  storage  ring  providing  an  enhance¬ 
ment  of  the  laser  gain  by  a  factor  1.5  to  3  (depending 
on  the  500  MHz  RF  voltage)  with  respect  to  that  ob¬ 
tained  with  the  100  MHz  cavity.  So  mirrors  with  a 
transmission  of  0. 1  %  have  been  installed  providing  an 
output  power  of  300  mW  at  70  mA  of  stored  current, 
the  highest  output  power  of  any  UV  FEL.  Figure  2 
shows  the  enhancement  of  the  output  power  due  to  the 
gain  and  transmission  optimization.  Considering  the 
estimated  gain  with  the  500  MHz  cavity  and  the  value 
of  the  useless  losses  (A+D),  an  operation  with  the  op¬ 
timized  value  of  the  transmission  may  provide  an  out¬ 
put  power  up  to  about  800  mW  available  for  user  ap¬ 
plications. 


Figure  2.  Output  power  of  Super-ACO  FEL  versus  the 
total  stored  current.  The  values  are  measured  for  dif¬ 
ferent  operation:  (•)  the  100  MHz  RF  cavity,  (o)  100 
and  500  MHz  RF  cavities  for  the  same  set  of  mirrors 
( transmission  ofl.8-10-4),  (A)  100  and  500  MHz  RF 
cavities  with  a  set  of  more  transparent  mirrors  (trans¬ 
mission  of  LI  O'3). 
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Abstract 

A  new  beam  sharing  system  with  a  90°-opening  angle  fan-shaped  mirror  has  been  developed  to  allow  for 
simultaneous  FEL  experiments  at  two  or  more  different  stations  and  to  allocate  the  FEL  machine  time  effectively. 
Through  the  FEL  profile  measurement  the  possibility  of  the  simultaneous  experiment  with  the  system  is  shown. 


1.  Introduction 

Free  Electron  Laser  (FEL)  has  so  attractive 
properties  such  as  wavelength  flexibility  that  FEL 
users  have  been  increasing  in  Japan.  The  machine 
time  thus  should  be  allocated  effectively.  The  FELI 
has  been  open  for  about  twenty  user  groups 
belonging  to  company,  university  and  national 
laboratory,  and  is  operating  four  FEL  facilities  (FEL- 
1  ~  FEL-4),  which  cover  the  spectral  range  from 
0.27pm  to  40pm  [1].  There  are  four  user  rooms 
(Lab.l~Lab.4)  and  twenty-one  user  stations.  The 
infrared  FEL  is  transported  to  the  user  stations  with 
two  vacuumed  optical  lines.  The  user  stations  are 
ranked  in  the  optical  line  for  the  series,  therefore,  by 
monopolizing  one  oscillator  on  each  optical  line, 
since  it  is  correspondent  to  one  oscillator,  only  one 
user  will  use  it.  An  FEL  beam  sharing  system  with 
a  fan  shaped  mirror  has  been  carried  out  as  a  trial 
attempt  [2].  In  this  paper  (1)  to  propose  a  new  FEL 
beam  sharing  system  with  a  fan  shaped  mirror  and  (2) 
to  prove  the  possibility  of  simultaneous  experiments 
with  the  system  are  written  through  the  discussion  of 
the  FEL  mode  and  profile  measurements. 

2.  Beam  transport  and  sharing  system 

The  infrared  FEL  beam  come  out  from  a  1.5mm 
pinhole  of  a  center  of  a  hole  coupling  optical  cavity 
(FEL-1)  and  50~80m  long  transported  in  the  optical 
pipe.  The  extracted  FEL  beams  are  modified  to  a 
near-parallel  light  with  a  parallel  beam  modification 
unit  composed  of  a  spherical  mirror  in  order  to 
prevent  to  lose  it  in  the  optical  line.  A  monitor  room 
(MR)  and  four  user  stations  in  user  rooms  (Lab.4, 


Lab.3,  Lab. 2  and  Lab.l)  are  located  at  53m,  54m, 
61m,  69m  and  82m  distance  from  the  FEL-1, 
respectively.  The  beam  sharing  system  is  presently 
installed  on  the  No.l  optical  line  at  the  MR.  The 
sharing  mirror  is  made  of  a  90°  part  of  100mm 
diameter  copper  disk  coated  with  gold  on  the 
reflection  surface.  At  present  a  quarter  of  the  FEL 
reflected  with  the  mirror  is  delivery  for  a  diagnostic 
station  or  an  ablation  experimental  station  [3].  At 
the  while,  three  quarters  of  the  FEL  beam  passed 
through  the  system  is  then  delivered  to  the  user 
stations  (Lab.l~4). 

3.  FEL  beam  profile  and  GCR  measurement 

The  FEL  beam  profile  at  the  user  station  depends 
on  an  optical  transverse  mode  (profile)  in  the 
coupling  optical  cavity  [4]  and  on  diffraction  at  the 
pinhole  of  the  upstream  mirror.  Although  there  are 
many  reports  of  the  optical  profile  analysis  in  the 
coupling  optical  cavity  [5,6],  there  is  few  reports  of 
the  laser  property  at  the  user  station.  The  beam 
profiles  at  user  stations  are  complicated,  however  it  is 
essential  for  the  FEL  users  to  estimate  the  irradiated 
FEL  power  density.  It  is  reported  from  an  ordinary 
laser  beam-mode  analysis  that  Gaussian  beam  has  a 
basic  profile  which  is  lowest  order  mode  (TEM00, 
Gaussian  shape).  The  higher  mode  laser  such  as 
TEM01,  TEM10  has  more  complicated  profiles.  In 
this  paper  we  thus  define  the  term  “Gaussian 
component  ratio  (GCR)”  to  refer  to  Gaussian  profile 
correlation-rate  comparing  with  the  perfect  Gaussian 
beam.  The  quantitative  correlation  (A)  can  be  defined 
in  the  equation  of  Amin=  ^  ^  (zv  -  Sxy)\  where 

x  y 
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Zxy  =  amplitude  of  the  pixel  data  at  (x,  y)  and  Sxy  = 
amplitude  of  fitted  Gaussian  surface  at  (x,  y).  The 
GCR  means  a  relative  value  for  how  well  the  profile 
matches  the  fitted  Gaussian  surface.  In  other  word, 
the  higher  value  of  the  GCR  means  a  better  Gaussian 
shape  than  the  smaller  GCR.  The  lower-order  mode 
of  the  optical  transverse  mode  matches  the  Gaussian 
fit  and  means  the  highest  value  of  the  GCR. 

In  order  to  analyze  the  FEL  transverse  mode,  three 
dimensional  (3D)-profiles  of  the  FEL  beam  were 
measured  with  a  3D  -  pyroelectric  detector  system 
(Spiricon  Pyrocam  II  &  LBA200)  at  the  MR  and  the 
user  rooms.  The  detector  has  32  X  32  elements  in  2- 
inch  (51.2mm)  square  detectable  area  and  12bit 
resolution  dynamic  range.  Fig.l  shows  3D-profiles 
of  the  FEL,  which  are  measured  at  the  Lab.4,  when 
the  FEL  wavelength  is  at  (a)6.4pm  (E=28.6MeV, 
K=0.668)  and  (b)  8.8pm  (E=28.6MeV,  K=1.166). 
Fig.l  (a)  and  (b)  have  69%  and  75%  at  the  GCR, 
respectively.  The  higher  GCR  FEL  (Fig.l  (b)) 
shows  more  concentric  profile  than  the  lower  one 
(Fig.l  (a)).  The  higher  GCR  FEL  forms  an 
Gaussian  profile,  which  is  suited  for  high  power 
density  irradiation  experiments.  It  is  because  that 
the  Gaussian  profile  is  most  concentrated  of  the 
power  at  the  peak  compared  with  other  profile  FEL. 
On  the  contrary,  the  lower  GCR  FEL  resembles  the 
top-hat  beam  laser  in  the  profile.  The  GCR  FEL  is 
good  for  the  uniform  irradiation  experiment. 


(a)  6.4pm  (b)  8.8pm 

Fig.l.  FEL  3D-beam  profiles. 

In  order  to  estimate  the  sharing  effect  on  the  beam, 
the  GCR  of  the  270°  shared  and  normal  FEL  were 
measured  and  plotted  in  Fig.2.  A  solid  and  dotted 
line  indicate  the  GCR  of  the  shared  and  normal 
9.5  pm  FEL  as  a  function  of  the  distance  from  the 
FEL-1,  respectively.  The  sharing  system  is  located 


52m  apart  from  the  FEL-1  facility.  Although  the 
normal  beam  GCR  gradually  decrease  82%  to  52%, 
the  shared  beam  GCR  also  decrease  65%  to  52%. 
The  spherical  aberration  due  to  the  spherical  mirror  at 
the  parallel  beam  modification  unit  is  gradually 
appeared  on  the  normal  beam  profiles  according  to 
the  distance.  After  about  30m  flight  path  from  the 
sharing  system,  which  means  82m  apart  from  the 
FEL-1  facility,  the  shared  beam  is  the  same  value  as 
that  of  the  normal  beam  in  view  of  the  GCR.  This 
means  the  shared  beam  becomes  the  same  shape  as 
the  normal  beam  after  30m-flight  path. 


Fig.2.  Gaussian  component  ratio  (GCR)  for  the  normal 
and  270°shared  beams  as  a  function  of  distance  from  the 
FEL-1  facility. 

4 .  Conclusion 

The  beam  profile  of  the  shared  beam  recovers  after 
30m-flight  path  as  the  normal  beam  in  view  of  the 
GCR.  The  sharing  system  therefore  can  be  adapted 
for  every  experiment  which  does  not  need  the  GCR  at 
any  place  and  for  other  experiments  needing  the  GCR 
at  any  place  after  30m  flight  path. 
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1.  Introduction 


Owing  to  the  good  beam  qualities,  the  synchrotron 
radiation  storage  ring  has  become  a  drive  source  for  shorter 
wavelength  FEL.  For  the  researches  on  this  aspect  the 
National  Laboratory  of  Synchrotron  Radiation  (NLSR)  of 
University  of  Science  and  Technology  of  China  (USTC) 
has  had  a  project  to  make  experiments  utilizing  a  straight 
section  with  limited  length  on  the  storage  ring  [1],  The  key 
device  for  the  project  is  the  wiggler  or  optical  klystron. 
This  wiggler  has  three  sections:  modulation  section, 
dispersive  section  and  gain  section.  Modulation  section  and 
gain  section  has  same  structure  while  the  dispersive  section 
between  them  has  higher  peak  field.  In  the  modulation 
section  energy  modulation  is  taken  place  owing  to  the 
interaction  between  electron  beam  and  laser  field.  After  the 
electrons  pass  through  the  dispersive  section,  energy 
modulation  is  changed  to  density  modulation,  that  is 
bunching,  the  coherent  radiation  can  enhanced,  so  the  gain 
is  increased. 

The  whole  construction  the  wiggler  including  field 
distribution  design,  structure  building  and  field  adjustment 
was  taken  in  the  linac  laboratory  of  China  Institute  of 
Atomic  Energy  (CIAE).  During  the  construction  we 
consider  the  compatibility  between  SR-FEL  research  and 
SR  operation.  We  design  the  device  have  two  working 
modes:  one  is  the  optical  klystron  and  another  is  as  normal 
insert  SR  undulator.  The  working  modes  can  be  switched 
easily. 


2.  Basic  requirements 


According  to  the  physics  parameters  of  the  electron 
beam  in  the  storage  ring,  the  following  basic  requirements 
were  given  for  this  wiggler: 


Configuration  type 

Dimension  of  magnet  unit 
Peak  Fields 

Period  Length 


Halbach  type  with 
permanent  magnet 
1 8mmx  1 8mmx  1 00mm 
B0=O.3T  (gap  =  40mm,  for 
modulation  and  gain  section), 
B0=05~0.7T  (gap=40  for 
dispersive  section) 

X=72mm  (for  modulation 
and  gain  section)  X=216mm 
(for  dispersive  section) 


Number  of  period  N—12  (for  modulation  and 

gain  section),  N=1  (for 
dispersive  section) 

Gap  gap=25mm~l  50mm,  variable 

Errors  for  Peak  Field  ±  1 .0%  (when  gap=40mm) 

The  1st  integral  at  the  exit  <0.005  Tcm 
The  2nd  integral  at  the  exit  <0.05  T  cm2 

3.  Fields  distribution  design 

For  Halbach  type  wiggler  the  peak  field  at  the  central 
axis  is  determined  as  follows: 

S0  =  \.6Br(l-e~1'*u)e~“e'1 

Based  on  the  requirements  above  the  material  for  the 
magnet  unit  must  have  enough  Br  and  He.  We  selected 
NdFeB  (N35  type)  as  the  magnet  material.  For  this  material 
its  remanence  field  Br=(1.17— 1.20)  T,  the  coercive  force 
Hc=(  11.0-1 1.5)  KOe.  The  dimension  of  each  magnet  pole 
is  18mmxl8mmx  100mm.  Because  of  the  production 
reason,  the  pole  must  consist  of  two  smaller  magnet  block. 
By  means  of  gluing  technique,  the  block  units  for  magnet 
poles  are  formed. 

And  then  we  measured  the  field  distribution  for  each 
block  unit  along  its  transverse  central  line,  20mm  apart 
from  its  surface.  From  these  measurements  we  found  that 
among  the  all  used  magnet  block  units  the  diversity  is  ±3% 
for  Br  and  is  ±3°  for  the  magnetization  direction.  We  used 
the  PANDIRA  code  to  do  the  simulation  calculation  for  the 
fields  distribution  of  the  wiggler  [2],  The  calculation 
results  show  that  if  the  diversity  for  Br  and  magnetization 
direction  is  respectively  ±3%  and  ±3°,  it  will  be  hard  for 
the  peak  fields  to  reach  0.3T  in  modulation  and  gain 
section.  So  we  must  do  optimization  for  the  arrangement  of 
each  magnet  block  unit  to  decrease  the  effect  of  the 
diversity  of  Br  and  magnetization  direction.  Our 
optimization  procedure  includes  two  steps.  In  the  first  step, 
we  arrange  manually  the  magnet  block  according  to  these 
criteria:  1)  for  the  magnet  poles  where  the  peak  field  is 
located,  we  select  the  block  units  which  enable  the 
magnetization  direction  errors  of  up  and  down  poles  will 
have  same  sign  and  errors  of  nearby  peak  poles  will  have 
different  sign  after  assembly,  2)  for  the  magnet  poles  where 
the  zero  field  is  located  we  select  those  block  units  which 
enable  the  magnetization  direction  errors  of  up,  down  and 
nearby  poles  have  relative  different  sign.  On  the  basis  of 
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the  step  one,  we  used  simulated  annealing  optimization 
technique  in  step  2  to  determine  the  position  of  each 
magnet  block  unit.  Through  the  simulated  calculation,  we 
can  see  obviously  the  effect  of  the  optimization. 


2)  Apart  form  the  central  line  but  still  on  the  central  plane 
(X,  0,  Z),  the  distribution  of  vertical  component  By  via 
Z  is  measured.  Where  Z=0~2100,  X=-10mm~10mm. 


4.  Mechanical  structure 

The  mechanical  structure  of  the  wiggler  is  C  type. 
Each  magnet  block  is  glued  in  an  aluminum  slot  to  form  a 
magnet  block  unit.  All  magnet  units  are  fixed  to  the  up  and 
down  main  girder.  The  basement  of  wiggler  is  frame  with 
the  dimension  of  2000mmx400mmx900mm.  The  three 
sections,  modulation  section,  dispersive  section  and  gain 
section,  have  their  own  supporter.  The  position  of  each 
supporter  can  be  adjusted  separately.  We  used  the  ball 
leading  screw  mechanism  to  change  the  working  gap  of  the 
wiggler.  For  modulation  and  gain  section,  two  sets  of  ball 
leading  screws  and  three  sideways  are  used.  For  the  shorter 
dispersive  section,  we  used  one  ball  leading  screw  and 
three  sideways.  By  this  kind  of  structure  the  mechanical 
central  plane  can  be  guaranteed  during  the  adjustment  of 
the  gap.  The  allowed  gap  adjustment  arrange  is 
25mm~150mm.  We  have  designed  a  special  mechanical 
structure  by  which  the  dispersive  section  can  be  easily 
switched  to  another  section  that  has  same  structure  as 
modulation  and  gain  section.  After  the  change,  this  wiggler 
will  serve  as  a  normal  SR  undulator  in  storage  ring. 

5.  Fields  adjustment 


3)  We  selected  several  peak  positions  in  modulation  and 
gain  section  and  peak  position  of  the  dispersive  section 
to  measure  the  change  of  peak  field  Bp  via  Gap.  Where 
Gap=40mm~l  00mm. 

4)  Setting  Gap=40mm,  we  measured  the  change  of  peak 
fields  in  three  sections  via  transverse  position  X.  From 
this  we  can  get  the  field  homogeneous  region. 

We  adopted  two  methods  for  the  adjustment  of  the 
wiggler  field.  In  one  method,  we  can  slightly  change  the 
gap  of  each  magnetic  block  unit  and  in  another  method,  we 
can  change  the  local  field  distribution  by  means  of 
shimming.  The  material  for  shimming  is  20mmx  100mm 
steel  plate  with  the  thickness  0.3mm.  We  found  the  placed 
position  of  the  shimming  plate  has  close  relation  to  change 
of  local  field  distribution.  The  following  figure  shows  the 
2nd  integral  of  the  fields  at  the  central  line. 


After  assembly  of  whole  wiggler  we  had  made  the 
measurement  and  adjustment  on  the  fields  distribution.  The 
apparatus  we  used  is  automatic  magnetic  fields 
measurement  system.  In  this  system,  the  magnetic  field  is 
measured  by  the  hall  probe  and  the  data  acquiring  and 
processing  is  controlled  by  the  computer  [3].  Because  the 
longest  distance  can  be  measured  by  the  system  is  1700mm 
while  the  range  need  to  be  measured  of  this  wiggler  is 
2100mm,  so  the  measurement  and  adjustment  of  the 
wiggler  is  carried  out  in  two  steps.  We  divided  the  wiggler 
in  two  ranges  for  the  measurement  and  adjustment.  The 
magnetic  fields  in  the  first  range  is  measured  and  adjusted 
in  the  first  step.  After  completion  of  measurement  for  the 
first  range,  the  wiggler  was  move  along  its  longitudinal 
axis  and  we  began  the  measurement  and  adjustment  for  the 
second  range.  We  used  the  field  data  in  the  first  step  as  the 
basis  for  the  adjustment  in  second  step.  The  measurement 
step  is  1mm,  the  measuring  precision  of  the  system  <3xl0*4. 

We  set  the  gap  of  modulation  section  and  gain  section 
to  40mm  and  the  gap  of  dispersive  section  to  55mm  and  we 
have  done  the  following  measurements: 

1)  At  the  central  line  (0,  0,  Z)  of  wiggler,  the  distribution 
of  vertical  component  By  via  Z  is  measured.  Where, 
Z=0~2100mm.  From  this  we  can  get  the  Ist  and  2nd 
integral  of  the  field.  These  integrals  will  reflect  the 
angular  deflection  and  relative  orbital  displacement  of 
the  electron  beam. 


Fig.  The  2nd  integral  of  the  field  (at  the  central  line, 
gap=40mm  in  modulation  and  gain  section  and 
gap=55  in  dispersive  section) 

The  final  features  of  the  wiggler  is  as  following: 

B0=0.296T  (gap  =  40mm, 
for  modulation  and  gain 
section),  B0=0.707T 
(gap=55mm  for  dispersive 
section) 

<1.0%  (when  gap=40mm) 
0.004  T  cm 
0.05  T*cm2 

0.26%  (X=  -10mm  ~  +10mm) 

Reference 
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Errors  for  Peak  Field 
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In  a  typical  free  electron  laser  (FEL), 
the  electron  beam  interacts  with  a  “dipole” 
undulator  that  has  a  sinusoidal  magnetic  field 
variation;  the  electron  motion  is  sinusoidal  in  the 
plane  transverse  to  this  field  and  emits  odd- 
numbered  harmonic  radiations  along  the  axis. 
However,  one  need  not  limit  the  choice  of 
undulator  field  profile  to  the  sinusoid,  providing 
other  profiles  result  in  significant  advantages.  In 
connection  with  the  IFEL  accelerator,  in  the  past 
we  have  pointed  out  [1]  that  the  use  of  an 
undulator  profile  that  approximates  a  “square 
wave”  will  result  in  an  enhanced  acceleration 
gradient,  by  as  much  as  a  factor  of  two 
(equivalent  in  effect  to  an  increase  of  laser  drive 
intensity  by  a  factor  of  four).  This  improvement 
(essentially  at  the  fundamental  FEL  resonance) 
results  largely  from  the  fact  that,  for  a  given 
peak  undulator  field  amplitude,  the  rms  electron 
acceleration  obtained  from  the  square  wave 
undulator  is  larger  than  that  from  the  sinusoid; 
furthermore,  the  electron  orbit  is  stable  as  well. 
In  this  paper,  we  find  additional  advantages  that 
should  result  particularly  at  harmonic  numbers  f 
>1  if  the  undulator  field  profile  is  nearly  “square 
wave”:  namely,  a  large  enhancement  of  the 
harmonic  spontaneous  power  radiated,  together 
with  enhanced  FEL  gain.  The  modification  of 
undulators  to  enhance  FEL  gain  has  been 
examined  in  the  past[2,3,4,5],  usually  with  a 
particular  design  in  mind,  but  with  similar 
conclusions. 

A  purely  square-wave  undulator  field 
profile  is  unphysical,  however  it  is  possible  to 
develop  a  strong  nonlinearity  of  the  sinusoidal 
pattern  in  an  electromagnet  undulator  containing 
ferromagnetic  material  by  operating  the  device  at 
a  field  where  the  material  becomes  saturated.  As 
saturation  progresses,  the  square  wave  profile 
could  become  a  limiting  case.  Our  analysis 
consists  in  a  calculation  of  the  spontaneous 


(single-electron)  radiation  in  an  undulator  having 
N  periods,  where  the  axial  magnetic  field  profile 
is  approximated  by  the  first  few  Fourier 
components  of  a  square  wave  (we  have 
computed  the  cases  n  =  1,  3,  5,  and  7,  but  present 
here  only  the  example  where  we  use  just  the  first 
three  Fourier  components;  Fig.  1).  This 
provides  a  more  physical  approximation  to  the 
undulator  field  that  actually  could  be  produced; 
but  more  importantly,  it  permits  us  to  extend  a 
straightforward  calculation  originally  made  by 
Colson  [6]  which  expands  the  electron  orbit  in 
harmonics  of  the  undulator  period  and  gives  an 
expression  for  the  radiated  power  in  terms  of  a 
series  of  Bessel  functions.  We  retain  the 
“undulator  approximation”,  namely  that  not 
only  is  the  amplitude  of  the  motion  K/y  small  but 
also  K<  1:  then  the  radiation  will  have  sharp 
lines  at  the  harmonics  on  the  axis  since  the 
radiation  cone  (width  ~  1/y)  overlaps  the  orbit. 


Fig.  I:  Representation  of  a  " square-wave ”  undulator 
field  by  the  first  three  Fourier  components.  Ordinate, 
normalized  magnetic  field;  abscissa,  axial  distance 
measured  in  radians  over  one  period  (2n). 
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In  a  long  undulator,  the  spectrum  becomes 
sharply  peaked  at  frequencies  satisfying 
©rf  =  ©o  f  /  (  1  -  p0cos  0  )  =  f©r, ,  where  ©0  = 
koC  (the  undulator  wavenumber  times  the  speed 
of  light),  f  is  the  harmonic  number,  0  is  the  angle 
from  the  axis  of  motion  along  the  undulator,  ©rl 
is  the  FEL  resonance  frequency  for  f=l,  and  ©,*• 
is  the  resonance  frequency  for  the  fh  harmonic. 
The  resonance  line  widths  are  all  ~  ©rl/N.  K  is 
the  normalized  magnetic  vector  potential, 
eBo/koinc2,  and  B0  is  the  peak  undulator  field. 
The  undulator  is  the  planar  dipole  type,  and  we 
have  computed  only  radiation  directed  along  the 
axis.  We  point  out  that  taking  higher  n  in  the 
undulator  expansion  will  smooth  the  top  of  the 
square  wave,  but  will  also  increase  the  slope  of 
the  jump.  The  overall  plan  of  the  computation 
has  been  presented  in  detail  in  [3,6]  and  due  to 
lack  of  space  here,  we  will  only  present  certain 
results. 

The  spontaneous  power  was  computed 
numerically,  and  in  Fig.  2  we  show  a  typical 
result  where  we  have  taken  K  =  0.64  (note  that 
©B/©0  =  K/y  ~  (3X)  and  y  =  80  (40MeV).  Only  the 
peak  power  emission  data  point  is  plotted  at  each 
harmonic,  all  intermediate  points  are  close  to 
zero  and  are  not  plotted,  and  we  compare  the 
sinusoidal  undulator  with  two  approximations  to 
the  square  wave  undulator,  where  we  include 
respectively  only  the  n  =  1  and  3  components,  or 
the  n=  1,3,  and  5  components.  The  striking 
feature  is  the  very  substantial  enhancement  of 
spontaneous  power  emitted  at  the  higher 
harmonics.  That  there  should  be  some 
enhancement  of  radiation  is  apparant  from  the 
fact  that  electron  radiation  depends  on  the  square 
of  the  electron  speed,  and  the  latter  is 
proportional  to  the  integral  of  the  undulator  field. 
The  ratio  of  emission  from  the  “square-wave” 
undulator  to  the  “sinusoid”  is  2.0  for  f=l;  this  is 
the  ratio  of  the  mean  square  motion  of  the 
electron  in  these  two  different  undulators  that 
have  equal  peak  field  amplitudes.  For  the 
“approximate”  square-wave  undulator  here,  this 
ratio  is  about  1.3.  However,  discounting  this 
factor  of  1 .3,  there  is  still  a  remaining  factor  ~  10 
in  enhanced  radiation  at  the  fifth  harmonic,  and 
larger  enhancements  (-100)  at  the  higher 
harmonics.  The  cause  for  the  power 
enhancement  is  in  the  axial  oscillation  motion, 
where  the  component  of  the  motion  driven  by 
the  large  n=l  term  of  the  field  mixes  with  the 
components  driven  by  the  weaker  n  harmonics; 
this  arises  from  the  relation  pz  *  (30  -  Px2  /4po. 


Harmonic  enhancement  would  be  clearly 
identifiable  in  a  simple  experiment. 

The  enhancement  of  harmonic 
spontaneous  emission  using  the  “  square- wave” 
undulator  profile  has  further  implications.  From 
Madey’s  theorem[7],  the  FEL  gain  will  be 
proportional  to  the  derivative  of  the  spontaneous 
spectrum.  But,  the  linewidth  (-1/N)  of  this 
radiation  does  not  depend  on  the  details  of  the 
undulator  field,  just  the  number  of  periods.  ; 
hence  the  FEL  gain  should  be  proportional  to  the 
spontaneous  power  emitted  at  the  various 
harmonics.  The  enhanced  gain  has  been  the 
subject  of  previous  work[2-5]  where  specially- 
devised  undulators,  not  of  this  type,  are 
described. 


O  2  4  0  •  10  12  14  1« 


Fig.  2:  Logarithm  to  base  10  of  {dW/dfMcoj,  in 
{ watt/s  ter.  -see'  1 } ,  versus  f  the  harmonic  number.  The 
diamonds  are  the  sinusoidal  undulator;  the  crosses 
and  squares  are  for  the  square-wave  undulator 
approximated  by  the  terms  n  —1,3;  and  by  n  =  1,3,5. 
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Abstract 

This  paper  deals  with  the  design  and  construction  of 
a  low-cost  electromagnetic  undulator.  The  concep¬ 
tion  for  this  device  was  developed  during  the  design 
study  for  a  compact  and  cheap  PEL  [1]  in  the  mid 
and  far  IR. 

The  undulator  yoke  is  constructed  out  of  only  a  few 
identical  iron  pieces  that  can  be  simply  milled  in  a 
mechanical  workshop.  Only  two  main  coils  are 
needed  to  excite  the  field  in  this  magnet.  The  de¬ 
vice,  built  at  the  University  of  Dortmund  in  the 
DELTA  workshop,  has  a  period  length  of  25  mm 
and  a  gap  of  8  mm.  The  k-value  that  can  be  reached 
with  a  400  A  20  V  power  supply  is  about  0.4.  As 
this  device  is  suitable  for  LINAC  applications  only, 
also  a  pulsed  operation  might  be  possible.  This 
could  be  a  good  alternative  to  overcome  cooling 
problems. 

This  paper  presents  the  design,  field  calculations, 
the  construction  and  field  measurements  of  the 
magnet  using  hall-probes  and  the  pulsed  wire 
method.  Furthermore  a  rough  cost  estimate  is  given. 


1  INTRODUCTION 

Free  Electron  Lasers,  needing  less  than  20  m2  in 
space  and  available  with  a  limited  budget  would  be 
a  very  interesting  device  for  scientific  and  industrial 
applications.  One  important  component  for  such  a 
device  is  a  small  and  cheap  undulator  magnet:  It 
has  to  be  simple  to  build,  easy  to  assemble,  and 
must  be  adjustable  without  difficult  mechanics.  For 
a  compact  IR  light  source,  electron  beam  energies 
of  5  to  10  MeV  are  a  good  choice,  as  the  shielding 
is  reduced,  as  these  energies  are  below  the  neutron 
production  thresholds.  The  emitted  radiation  will  be 
tuneable  in  the  mid  and  far  infrared  (40  to  150  pm) 
to  be  well  away  from  commercial  tabletop  gas  la¬ 
sers. 

2  DESIGN-CRITERIA 

For  a  sufficient  gain  using  a  typical  LINAC  as 
driver  and  for  the  reason  of  limited  space,  the  mag¬ 
net  must  fulfil  several  criteria: 


1  Now  at  the  IWF,  University  of  Braunschweig,  GER 

2  Now  at  the  SLS,  Paul-Scherrer-Institute,  Villingen,  CH 


i)  The  magnet  must  be  small,  e.g.  less  than 
one  meter  in  length. 

ii)  Fast  and  simple  tune-ability  is  compulsory. 

iii)  The  magnetic  field  must  be  stable  within 
AB/B  <  0.5  %  for  ±  2  mm  around  axis. 

iv)  The  gap-size  must  be  8  mm  or  more  to 
include  the  wave-guide  and  the  vacuum 
tube. 

v)  The  material  must  be  cheap,  and  machin¬ 
ing  should  be  easily  possible. 

Taking  all  these  points  into  account,  an  electromag¬ 
netic  undulator  with  a  period  length  of  25  mm  and  a 
maximum  field  of  0.17  T  (k  =  0.4)  seems  to  be 
adequate  due  to  the  experience  at  DELTA  with 
electromagnets.  Using  62  poles,  the  total  length  is 
less  than  0.8  m. 


Fig.  1;  The  two  C-shaped  yokes  are  shown. 
The  magnet  consists  of  twelve  segments,  fixed 
by  bolts  and  screws. 

To  avoid  problems  with  individual  coils  for  each 
pole,  a  design  was  chosen  using  only  two  main 
coils  for  the  whole  device.  This  leads  to  an  uncon¬ 
ventional  shape  [2]  of  the  poles  and  the  yoke:  Two 
iron  blocks  in  C-shape  are  the  basic  components  of 
this  undulator.  The  poles  fit  to  each  other  like  the 
cogs  of  a  cogwheel.  There  are  two  main  coils  (one 
for  each  block)  generating  the  magnetic  field.  This 
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offers  the  opportunity  to  use  water-cooled  copper 
tubes  for  the  coils.  Properly  designed  poles  and 
homogenous  iron  give  a  very  low  distortion  of  the 
magnetic  field.  The  two  C-shaped  yokes  of  mag¬ 
netic  iron  can  be  machined.  The  shape  of  the  poles 
is  shown  in  Fig.  1  and  2. 

During  the  design-phase,  simulations  were  per¬ 
formed  to  optimise  the  pole-shape  and  the  gap-size. 
The  above  mentioned  criteria  are  fulfilled  for  a  gap- 
size  of  8  mm  and  a  pole-width  of  18  mm.  The  pole- 
thickness  is  6  mm  which  is  a  compromise:  optimal 
matching  with  a  sinusoidal  field  is  reached  at  less 
than  6  mm,  but  the  stability  during  machining  is 
increased  for  6  mm  pole-thickness,  and  the  distor¬ 
tion  of  the  magnetic  field  is  small,  e.  g.  less  than 
0.25  %.  Reducing  the  thickness  of  the  first  and  last 
pole  by  50  %  gives  a  1/2— 1/2  adaptation,  which  is 


Fig.  2:  The  two  coils,  consisting  of  nine  turns 
each,  excite  the  magnet.  They  are  made  from 
conventional  copper  tubes.  Using  water-cooling 
offers  the  opportunity  to  drive  the  magnet  with 
currents  up  to  400  A. 

The  gap-size  and  the  pole  to  pole  distance  are  in 
the  same  order  of  magnitude,  therefore  the  whole 
device  is  strayfield  dominated.  This  stray  effect  and 
the  C-shape  shift  the  peak  of  the  magnetic  field 
towards  the  side  of  the  yoke.  To  match  the  peak  of 
the  magnetic  field  and  the  electron  beam,  a  small 
step  was  introduced.  A  0.5  mm  step  5.5  mm  from 
the  centre  of  each  pole  shifts  the  peak  of  the  mag¬ 
netic  field  to  the  position  of  the  electron  beam 
which  is  in  the  middle  of  the  pole.  In  addition,  the 
homogeneity  of  the  magnetic  field  is  increased  by  a 
factor  of  two.  The  maximum  field  remains  the 
same. 

The  magnet  design  consists  of  twelve  more  or  less 
identical  pieces,  to  allow  easier  machining,  trans¬ 
port  and  assembly.  Simulations  with  MAFIA  show 
that  the  distortion  of  the  magnetic  field  due  to  the 
slits  and  the  screws  are  negligible.  The  eight  seg¬ 
ments  in  the  middle  are  identical.  Another  set  of 
drawings  is  needed  for  two  end-segments.  The 
remaining  two  end-segments  are  symmetrical  to  the 
other  end-segments  after  a  mirror-transformation. 


3  PERFORMANCE  OF  THE  MAGNET 

Measurements  of  the  magnetic  performance  were 
made  using  a  hall-probe  and  the  pulsed-wire- 
technique  [3].  Hall-probe  measurements  of  several 
poles  were  done  to  check  the  height  of  the  field,  its 
uniformity  and  deviations  from  the  simulations. 
Every  pole  in  the  central  section  showed  almost 
perfect  matching  with  the  simulations  (Fig.  3  and 
4).  Deviations  from  the  simulations  occurred  at  the 
end-poles  only:  The  magnetic  field  in  the  end-poles 
is  stronger  than  calculated  due  to  the  unsymmetrical 
distribution  of  the  iron:  In  the  central  section,  the 
flux  through  each  pole  is  weakened  by  the  flux 
through  the  neighbour  poles.  The  lack  of  the  neigh¬ 
bouring  pole  at  the  end  gives  a  higher  field  than 
calculated.  This  means,  the  electrons  will  experi¬ 
ence  an  angular  kick  during  their  passage  through 
the  undulator.  However,  the  correction  can  be  done 
easily  using  two  trim  coils  at  the  entrance  and  the 
exit  of  the  undulator. 

Including  the  measurements  using  the  pulsed-wire- 
technique  to  determine  the  values  of  the  first  and 
second  field  integral,  four  trim  coils  were  mounted. 
The  position  of  these  coils  is  not  critical,  therefore  a 


Fig.  3:  Hall-probe  measurements  show  the  good 
agreement  of  the  magnetic  field  and  a  sine-function 
of  corresponding  amplitude. 

regular  distribution  was  chosen.  The  desired  current 
is  about  20  A  for  each  trim  coil,  compared  to  400  A 
in  the  main  coils. 

The  use  of  a  computer  controlled  power  supply 
offers  the  opportunity  to  change  the  magnetic  field 
easily.  Data  tables  for  the  trim  coils  help  to  keep  the 
field  quality  as  desired. 

With  240  A  in  the  main  coils,  a  peak  field  of  0.173 
T  is  reached.  The  field  quality  (without  end-poles) 
is  AB/B  <  0.43  %  for  ±  2  mm.  The  maximum  cur¬ 
rent  of  400  A  through  each  coil  gives  a  magnetic 
field  of  0.186  T.  The  field  quality  is  still  within  the 
order  of  AB/B  =  0.5  %. 
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|  MAGNET  DATA ™ 

VALVE 

REMARKS  “  “  i 

1  Excitation 

electro-magnetical 

low  costs,  good  tuneability,  use  of  standard  components 

;  Yoke  Material 

iron 

use  of  old  magnetic  material  possible 

Period -Length 

25  mm 

! 

i  Number  of  Poles 

62 

provides  sufficient  gain 

■  Peak-Field  (@  240  A) 

0.173  T 

j 

Uniformity  of  the  Field  (@240A) 

0.43  % 

for  4  mm  cross-section  of  electron  beam  j 

;  Deviation  from  Sinusoidal  Field 

0.24  % 

j 

K-Value 

0.4 

1 

|  Adaptation 

1/2— 1/2 

by  reduction  of  pole-thickness  1 

Gap -Size 

8  mm 

sufficient  space  for  wave-guide 

!  Pole-Thickness 

6  mm 

good  field-uniformity  and  stability 

;  Pole-Length 

18  mm 

integrated  step  for  best  field  performance 

Magnet-Length 

0.766  m 

compact  light  source  possible 

I  Number  of  Segments 

12 

simple  machining,  easy  transport 

Table  X:  The  performance  data  of  the  undulator. 


4  COSTS 

The  total  costs  of  the  magnet  and  its  power  supplies 
are  lower  than  30,000  US$.  A  brief  overview  about 
the  amount  of  money  necessary  for  each  component 
is  given  in  Table  2.  The  magnetic  iron  was  free,  due 
to  the  fact  that  parts  of  an  old  spectrometer  magnet 
of  the  University  of  Bonn,  that  was  also  used  to 
construct  the  FELICITA  I  undulator  [4],  were  still 
available.  Less  than  two  weeks  of  machining  in  the 
DELTA-workshop  by  one  technician  must  be 
added. 


Fig.  4:  The  homogeneity  of  the  field  is  better  than 
0.43  %.  In  this  example,  the  centre  of  the  beam  is 
located  at  x  =  8  mm. 


A  student,  during  his  thesis  work,  did  the  design, 
the  simulations,  and  the  tests  of  the  magnetic  per¬ 
formance.  One  power  supply  (400  A,  20  V)  delivers 


the  current  for  the  main  coils.  The  price  is  about 
18,000  US$,  which  is  more  than  50  %  of  the  de¬ 
vice's  costs.  Two  additional  small  power  supplies 
for  the  trim  coils  (20  A,  20  V)  cost  less  than  2,000 
US$.  One  is  needed  to  match  the  angle  of  the  elec¬ 
tron  beam,  and  one  is  necessary  to  match  the  first 
and  second  field  integral.  The  tubes  for  the  main 
coils,  the  electrical  insulation  and  their  water  supply 
sum  up  to  1,000  US$.  All  components  were  made 
from  standard  materials  with  well-known  technolo¬ 
gies. 

5  CONCLUSIONS 

A  small  and  simple  magnet  for  a  Free-Electron 
Laser  in  the  mid  and  far  Infrared  was  designed  and 
build.  Its  magnetic  performance  is  sufficient  for  an 
average  LINAC  with  pulse  compression  as  driver. 
For  less  than  30,000  US$  (without  iron)  such  a 
compact  undulator  can  be  build  without  any  special 
technique. 
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\  free  (material  of  an  old  magnet  re-used) 
\  12  month  thesis  work,  1  student 
l  2  weeks  machine-time,  1  technician 

I  18,000 
|  2,000 
i  1,000 


lion 

Design,  Construction,  Measurements 
Fabrication  of  the  Yoke 

1  Main  Power  Supply  (400  A,  20  V) 

2  Trim  Coil  Power  Supplies  (20A,  20  V) 
Copper  Tubes,  Insulation 


Table  2:  A  rough  estimation  of  the  magnet’s  costs. 
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Abstract 

In  recent  years,  design  studies  at  the  Stanford  Linear  Accelerator  Center  (SLAC)  have  advanced  and  demonstrated  the 
feasibility  of  using  simple  hybrid/permanent  magnet  (PM)  configurations  consisting  of  cuboid  permeable  and  PM  pieces  for 
attaining  the  high  fundamental  field  amplitudes  necessary  for  Linac  Coherent  Light  Source  (LCLS)  applications.  Included  in 
this  work  were  recent  field  studies  of  a  gap- variable  scheme  for  shunt-plate  tuning  of  the  hybrid/PM  field  structure,  which 
revealed  a  desirable  range  of  sensitivity  of  the  fundamental  field  strength  to  an  easily-prepared  range  of  shunt  plate  parameters. 
In  this  paper  we  explore  an  alternative  variation  of  the  initial  shunt  plate  configuration  that  may  offer  mechanical  advantages 


for  implementation  and  operation. 


1.  Introduction 

In  recent  work,  a  simple  hybrid/PM  undulator  design 
consisting  of  cuboid  pieces  of  permeable  and  magnetic 
material  has  been  assessed  for  short-wavelength  Free 
Electron  Laser  (FEL)  and  short-period  synchrotron  radiation 
(SR)  applications  [1].  The  simplicity  and  high  degree  of 
symmetry  of  the  structure  make  it  possible  to  add  critical 
functions  such  as  superimposed  focusing  and  dipole  field 
tuning  in  an  essentially  independent  fashion.  For  the  latter 
option,  for  example,  a  scheme  for  tuning  the  dipole  filed 
amplitude  over  a  limited  range  with  a  pair  of  shunt  plates 
with  a  variable  gap  placed  above  and  below  the  undulator 
structure  (see  Fig.  1)  was  analyzed.  Simulations  with  the  3D 
electromagnetic  modeling  package  AMPERES  [2] 
established  that  this  approach  could  be  used  to  tune  the  field 
with  acceptable  sensitivity  over  a  range  of  several  percent, 
allowing  for  independent  tapering  of  the  undulator  field  to 
correct  for  SR-induced  energy  loss  or  to  investigate  the 
effects  of  tapering  on  gain/bandwidth  products  in  FEL 
systems. 

Due  to  the  importance  of  these  two  functions,  an 
alternative  variant  of  the  shunt  plate  tuning  technique  with 
advantages  for  mechanical  implementation  and  field  control 
has  been  investigated  and  a  brief  summary  of  the  basic 
results  is  presented  in  this  paper. 

2.  Split  shunt  plate  tuning 

A  dimensioned  layout  of  the  top  half  of  the  new  variant 
is  depicted  in  Fig.  2.  The  shunt  structure,  consisting  of  two 
identical  plates  of  transverse  dimensions  tsxws,  is  centered  at 
a  fixed  distance  d  over  the  top  of  the  undulator.  The 
undulator  field  is  tuned  by  varying  the  gap  gs.  The  method 
allows  for  the  strong  vertical  force  component  Fz  to  be 
controlled  with  a  brace 


♦Portions  of  this  work  were  supported  in  part  by  the  Department 
of  Energy  Offices  of  Basic  Energy  Sciences  and  High  Energy  and 
Nuclear  Physics,  and  Department  of  Energy  Contract  DE-AC03- 
76SF00515. 
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Figure  1.  Top  half  of  hybrid/PM  LCLS  undulator  with  shunt 
plate  tuning  (side  view). 

with  a  fixed  vertical  gap  and  the  tuning  motion  to  coincide 
with  the  direction  of  the  weaker  force  component  Fx.  A 
coarse  initial  estimate  of  this  force  component  (per  unit 
length  in  the  y  direction)  can  be  obtained  by  estimating  the 
energy  density  of  the  field's  z 


Figure  2.  Split-shunt-plate  tuning  configuration. 


component  in  the  gap  region  immediately  above  the 
undulator  and  then  multiplying  it  by  ts.  An  analogous 
estimate  can  be  performed  for  the  Fz  component.  These 
reveal  the  approximate  proportionality  of  Fx  to  ts  and  of  Fz 
to  ws,  indicating  two  of  the  primary  design  factors  for 
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controlling  the  magnitude  of  forces  in  the  tuning  structure. 
Of  course  the  reduction  of  these  is  limited  by  the  point  at 
which  the  shunt  plates:  1)  start  approaching  saturation,  and 
2)  become  too  narrow  to  significantly  load  the  gap  field. 

3.  Performance  studies 

Studies  of  the  structure  in  Fig.  2  were  performed  with 
the  AMPERES  modeling  package.  Here  we  present  results 
for  the  following  set  of  fixed  parameters:  Xu=3  cm, 
tpM=10.5  mm,  hpM=34  mm,  wpm=4  cm,  typ(=(Xu- 
2tpM)/2)=4.5  mm,  hyp=3  cm,  wyp=3  cm,  A=0  mm,  g/2=3 
mm,  ts=5  mm,  ws=20  mm,  and  d=100  p.  The 
electromagnetic  model  consists  of  the  configuration  shown 
in  Fig.  2,  extended  by  symmetry  reflections  in  the  x-y  and  x- 
z  planes,  leading  to  a  total  model  length  of  approximately  10 
cm.  The  pole  material  is  Vanadium  Permendur  and  Br=1.25T 
(Hc~l  1900  Oersted)  for  the  selected  PM  material  (Nd/Fe/B). 

In  Fig.  3,  the  dependence  of  the  on-axis  field  amplitude 
Bz  on  gs  is  plotted.  For  the  particular  dimension  of  d  it  is 
seen  that  a  total  tuning  range  of  approximately  2.5%  can  be 
attained  over  a  reasonably  broad  range  of  transverse 
motion.  In  Fig.  4  the  force 


On-Axis  Field  vs.  Shunt  Plate  Gap 


Figure  3.  On-axis  undulator  field  vs  shunt  plate  gap. 


Figure  4.  Fx  and  Fz  vs.  gap  (shunt  plate  length  10  cm), 
components  Fx  and  Fz  are  plotted  as  functions  of  gs  for  the 
same  range.  As  expected,  the  force  in  the  direction  of  tuning 
is  relatively  small  in  comparison  to  the  vertical  force, 


indicating  the  expectation  of  a  relatively  straightforward 
mechanical  implementation. 

4.  Summary 

A  fixed-vertical-gap  variant  of  a  simple  shunt  plate 
tuning  scheme  applicable  to  a  cuboid  high-field  hybrid/PM 
LCLS  undulator  design  developed  recently  at  SSRL  [3,4]  has 
been  investigated.  Initial  modeling  studies  indicate  that  the 
proposed  variant  appears  promising  for  a  straightforward 
mechanical  implementation.  The  relatively  weak  influence  of 
the  shunt  structure  on  Bz  implies  additional  favorable 
properties  for  implementation.  These  include  a  less  stringent 
dimensional  tolerance  and  a  reduced  sensitivity  of  the 
undulator  field's  multipole  components  (including  those  of 
any  focusing  lattice  in  the  undulator  gap)  to  misalignments 
and  tuning  motion  tolerances.  Of  course,  in  an  actual 
implementation  of  the  scheme,  these  sensitivities  will  need 
to  be  quantitatively  established  with  further  simulations. 
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The  LCLS  undulator  design  has  been  in  process  for 
several  years,  and  has  evolved  to  a  candidate  design  that 
was  reviewed  and  found  to  be  technically  sound.  [1,2,3] 
The  undulator  system  comprises  a  hybrid  permanent 
magnet  undulator  in  52  segments  each  with  64  periods 
of  30  mm  length.  The  main  design  challenge  is  to 
provide  a  magnetic  lattice  of  sufficient  mechanical  and 
magnetic  precision  that  the  electron  beam  trajectory  can 
be  held  to  a  walkoff  of  less  than  5  microns  per  field 
gain  length,  while  maintaining  the  emittance  and  energy 
spread.  If  this  is  done,  the  undulator  should  saturate  at 
1.5  A  wavelength  in  a  total  length  of  112  m.  It  is 
important  that  we  build  a  saturating  device,  because  the 
output  will  be  much  more  stable  than  it  would  be  on 
the  exponential  part  of  the  gain  curve.  Though  the 
permanent  magnet  hybrid  is  the  present  candidate 
design,  we  are  reviewing  other  options,  such  as  a 
superconducting  bifilar  helix,  which  would  saturate  at 
shorter  length  and  allow  a  larger  diameter  beampipe. 

The  LCLS  is  designed  for  electron  energies  of  5-15 
GeV,  a  beam  of  233  fsec  FWHM  pulse  duration  and 
1.5ft  mm-mrad  normalized  emittance.  The  beam 
diameter  is  65  pm  rms  and  the  field  gain  length  at  15 
GeV  is  11.7  m.  The  magnetic  gap  is  6  mm.  The 
hybrid  undulator  is  planar,  and  yields  vertically  plane 
polarized  radiation. 

The  hybrid  permanent  magnet  design  calls  for 
conventional  NdFeB  magnets  alternating  with  vanadium 
permendur  pole  pieces.  Reasonably  tight  tolerances  on 
the  magnet  materials,  computerized  sorting  through  a 
very  large  population  of  magnets,  and  magnetic 
measurements  and  shimming  after  the  final  assembly 
are  required  to  produce  a  field  with  random  errors  less 
than  0.1%.  The  gap  will  have  to  have  some  slight 
variability,  by  segment,  for  two  reasons.  First,  it  is 
possible  to  sort  a  population  of  magnets  to  an  average 
value,  but  it  is  difficult  to  ‘puli’  that  average  to  a 
desired  value.  Second,  the  desired  rms  average  values  of 
the  magnetic  field  will  taper  very  slightly  over  the 
length  of  the  undulator,  to  make  up  for  energy  losses  by 
spontaneous  radiation  and  resistive  wakefields. 

Decreasing  the  average  beta  function  below  the 
natural  focusing  value  (70  m  for  two-plane  focusing)  is 
necessary  to  minimize  the  saturation  length.  To  do  this 
we  interpose  a  strong  focusing  FODO  lattice  of 
permanent  magnet  quadupoles  between  the  undulator 
segments.  The  optimal  average  beta  function  is  18  m. 
The  focusing  magnets  will  be  12  cm  long,  with  45  T/m 
gradients. 

For  our  undulator  parameters,  radiation  of  any 
wavelength  will  advance  by  one  wavelength  relative  to 
the  electron  beam  in  a  24  cm  drift  space.  We  put  such 
spaces  between  undulator  segments  to  provide  space  for 


beam  position  monitors,  vacuum  ports,  and  alternately 
focusing  and  defocusing  quadrupole  magnets,  as  shown 
in  Figure  1 . 


64  period,  1.92  meter  undulator  segments 

Focusing  Quad'S''s'^  Defocusing  Quad 


5  mm  ID 
beam  tube 


FIGURE  1.  A  schematic  side  view  of  the  undulator 
structure,  showing  the  FODO  lattice  with  separations 
between  2m  undulator  sections  for  diagnostics,  focusing 
correctors,  and  vacuum  ports. 

The  focusing  magnets  are  mounted  on  2D  transverse 
movers,  for  two  purposes.  First,  the  beam  based 
alignment  of  the  electron  trajectory  is  done  by  finding 
the  quadrupole  position  where  the  trajectory  varies  least 
with  energy.  [4,5]  This  alignment  strategy  solved  the 
major  problem  in  the  LCLS  design;  it  could  not  have 
been  done  with  mechanical  alignment  methods. 
Second,  the  quadrupoles  are  moved  at  run-time  to  offset 
trajectory  errors  detected  by  the  beam  position 
monitors.  The  resolution  of  the  motions  must  be  about 
1  pm. 

The  beam  position  monitors  will  be  either  RF  cavity 
devices,  or  a  four-quadrant  button  design.  This  choice 
was  arrived  at  after  an  examination  of  all  available  BPM 
technologies  [6].  The  BPMs  must  have  1  pm 
sensitivity,  high  stability  (possibly  achieved  through 
frequent  self-calibration),  and  low  impedence  so  as  not 
to  cause  energy  degradation  or  emittance  growth  in  the 
electron  beam.  We  plan  to  install  about  ten  carbon  wire 
beam  position  monitors  as  well,  for  initial  alignment 
and  beam  size  measurements.  We  have  also  developed  a 
strategy  which  would  allow  us  to  use  carbon  wires  as 
simultaneous  electron-photon  beam  position  monitors, 
but  detecting  diffracted  x-rays  from  the  photon  beam, 
and  bremsstrahlung  created  by  the  electron  beam.  Initial 
mechanical  alignment,  to  trajectory  tolerances  of  about 
50  pm,  is  sufficient  to  see  FEL  gain  to  saturation  at  15 
A  (5  GeV) 

The  beam  position  monitors  will  be  mounted  on  the 
same  girders  as  the  undulator  segments,  and  the  position 
of  the  girder  will  be  monitored  by  measuring  offsets 
with  respect  to  two  suspended  wires  that  run  the  full 
length  of  the  undulator.  The  wires  are  very  stable,  so 
the  system  can  detect  slow  thermal  and  geophysical 
drifts  of  the  magnets.  These  drifts  are  expected  to  have 
magnitudes  of  about  100  pm. [7]  Feedback  control  will 
then  move  the  girders  to  counteract  drifts,  using  a  cam 
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mover  system  that  is  capable  of  submicron  resolution. 
[8]  The  undulator  structure  will  also  be  stabilized  by 
temperature  controlled  water  flowing  in  channels  in  the 
girders. 

The  very  small  6  mm  gap  required  for  the  hybrid 
undulator  causes  some  problems.  NdFeB  is  not  very 
radiation  hard,  and  it  can  be  damaged  by  stray  beams. 
Collimators  and  interlocks  will  be  necessary  to  prevent 
this  damage.  Good  thermal  stabilization  of  the 
magnetic  material  is  also  essential  to  minimize 
radiation  vulnerability. 

Even  worse  than  radiation  is  the  problem  of 
wakefield  effects.  With  a  5  mm  ID  stainless  steel 
beampipe,  internally  copper  plated,  we  have  resistive 
wall  wakefield  effects  on  energy  of  AE/E  =  0.0003  and 
on  emittance  of  Ae/e  =  3%.  which  are  tolerable. 
However,  beamppe  roughness  is  potentially  more 
serious.  Some  calculations  show  significant  wakefield 
effects  for  surface  roughness  as  small  as  40  nm.  We  do 
not  consider  the  calculations  to  be  conclusive,  but  they 
do  serve  as  a  warning.  Fortunately,  the  semiconductor 
industry  has  developed  gas  handling  tubing  with  internal 
roughness  on  the  order  of  100  nm,  and  we  hope  to 
improve  upon  this  with  electropolishing  and  other 
techniques.  This  is  an  area  of  active  theoretical  and 
experimental  work. 

We  have  briefly  described  above  some  of  challenges 
that  arose  in  the  design  of  an  x-ray  FEL  at  SLAC. 
Among  the  problems  that  any  such  design  must  address 
are:  1)  tight  mechanical  tolerances,  2)  geophysical 
and  thermal  environmental  problems  3)  beam  position 
monitoring  4)  initial  alignment  strategy  5)  stability 
of  alignmnent  6)  radiation  dose  managment  and  7) 
wakefield  effects.  Of  these,  we  consider  the  initial 
alignment  the  most  challenging,  because  we  have  no 
precedent  for  it.  Also,  beampipe  roughness  could  be  a 
severe  problem.  The  other  issues  have  been  addressed  in 
existing  the  SLC  and  FFTB  machines  at  SLAC,  and  in 
work  at  other  laboratories. 
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The  Visible-Infrared  SASE  Amplifier  (VISA)  FEL 
is  an  experimental  device  designed  to  show  Self  Ampli¬ 
fied  Spontaneous  Emission  (SASE)  to  saturation  in  the 
800  -  600  nm  range,  where  silicon  detectors  may  be 
used  to  characterize  the  optical  properties  of  the  FEL 
radiation.  VISA  is  the  first  SASE  FEL  designed  to 
saturate,  and  its  diagnostics  will  provide  important 
checks  of  theory  [1]. 

VISA  has  a  4  m  pure  permanent  magnet  undulator 
comprising  four  99  cm  segments,  each  with  55  periods 
of  18  mm  length.  The  saturation  length  is  calculated 
numerically  to  be  3.4  (3.8)  m  at  71  (85)  MeV  for  an 
ideal  undulator  with  18  mm  period,  and  a  maximum 
magnetic  field  of  0.75  T.  These  parameters  can  be 
achieved  with  a  pure  Halbach  permanent  magnet  design 
with  no  permeable  materials,  NdFeB  magnets  with  Br  = 
1.25  T,  and  a  fixed  gap  of  6  mm  [2].  Figure  1  shows 
the  magnetic  scheme  for  the  VISA  undulator. 
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Figure  1:  Schematic  side  view  of  two  periods  of  the 
VISA  undulator  structure,  showing  a  symmetric  two- 
half-block  termination  scheme.  Arrows  within  the 
magnet  blocks  indicate  the  direction  of  magnetization. 
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Figure  2:  Schematic  side  view  of  the  VISA  undula¬ 
tor,  with  end  terminating  magnets  on  both  ends,  pop- 
in  diagnostic  ports  (circles)  and  steering  trim  coils  (rec¬ 
tangle  groups). 

Figure  2  shows  the  entire  four-segment  undulator. 
The  electron  beam  in  VISA  has  an  rms  diameter  of  120 
pm,  and  numerical  simulations  show  that  saturation 


length  is  adversely  increased  if  the  trajectory  walks  off  a 
straight  line  by  more  than  50  jim  per  field  gain  length 
of  34  cm  (38  cm)  at  71  MeV  (85  MeV).  A  magnetic 
field  with  rms  errors  of  less  than  0.4%  is  required  in 
order  to  achieve  this  trajectory  walkoff  tolerance. 

Natural  focusing  is  too  weak  for  a  4  m  undulator  to 
saturate  at  these  wavelengths,  so  we  added  strong  focus¬ 
ing  to  the  undulator.  To  achieve  an  average  beta  func¬ 
tion  of  27(30)  cm  at  71  (85)  MeV  we  put  a  FODO 
lattice  with  four  cells  per  segment  into  the  undulator. 
This  will  be  done  by  placing  rows  of  paired  magnets 
alongside  the  beam,  as  shown  in  Figure  3  [3]. 
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Figure  3:  Schematic  end  view  of  the  VISA  undula¬ 
tor.  Focusing  magnets  are  shown  as  rectangles  on  ei¬ 
ther  side  of  the  central  beam. 


The  focusing  assemblies  are  100  mm  long  with  a 
gap  of  about  10.75  mm  between  them.  They  generate 
a  gradient  of  33  T/m  on-axis. 

Magnetic  field  errors  of  a  pure  permanent  magnet 
undulator  can  be  controlled  in  several  ways.  First, 
magnet  material  is  chosen  within  a  certain  tolerance  on 
its  net  magnetic  moment  and  the  direction  of  its  mag¬ 
netization.  We  specified  NdFeB  material  with  Br  =  1.25 
T,  moment  errors  of  no  more  than  1.5%  of  Br  in  each  of 
the  three  principal  axes  of  the  rectangular  blocks,  and 
direction  errors  of  no  more  than  1.5°.  After  Helmholtz 
coil  measurements  are  made  of  all  the  blocks,  a  sorting 
algorithm  is  executed  on  the  data  [4].  The  errors  in  a 
randomly  assembled  undulator  can  be  reduced  to  0.4% 
by  the  action  of  the  algorithm. 

After  sorting  and  assembly,  the  undulator  assem¬ 
blies  will  have  magnetic  errors  from  magnet  block 


11-80 


measurements  and  mechanical  imperfections,  so  we 
employ  magnetic  shimming  to  correct  the  trajectory  in 
each  segment.  The  NSLS  magnetic  measurements 
group  at  BNL  will  do  this  work  using  a  pulsed  wire 
technique  [5].  With  these  magnet  measurements  and 
magnet  shimming,  we  expect  to  be  able  to  control  tra¬ 
jectory  walkoff  to  less  than  ±50  Jim  per  field  gain 
length.  Run  time  corrections  may  also  be  done  with 
trim  coils.  Our  shim  magnets  are  small  blocks  of 
NdFeB  that  are  used  in  fours,  as  shown  in  figure  3.  The 
blocks  are  mounted  in  pairs  on  movers  so  the  strength 
of  the  shim  effect  can  be  controlled. 

BE  SB 
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Figure  3:  Schematic  end  view  of  VISA  undulator, 
showing  placement  of  shim  magnets  in  groups  of 
four.  With  magnetizations  arranged  as  at  left,  the 
shim  magnets  create  a  net  horizontal  field  on  axis,  and 
on  the  right  they  create  a  vertical  field. 

We  will  also  use  the  pulsed  wire  to  find  the  axis  of 
the  quadrupole  focusing  magnets;  this  position  is  then 
transferred  to  external  fiducials  that  are  used  to  align  the 
segments  together.  After  shimming  individual  seg¬ 
ments,  we  will  set  up  pairs  of  segments,  butted  to¬ 
gether,  and  shim  the  trajectory  across  the  joint.  When 
this  is  finished,  the  segments  are  placed  on  kinematic 
mounts  inside  a  long  vacuum  box;  the  mounts  are  at¬ 
tached  through  bellows  to  x-z  slides  on  an  external  sup¬ 
port  beam,  to  isolate  the  undulator  from  the  box. 

Optical  survey  alignment  should  bring  the  axis  to 
straightness  within  about  200  pm.  A  fixture  with  slits, 
referenced  to  tooling  balls  and  previously  calibrated  to 
the  magnetic  axis,  will  be  used  to  align  the  entrance  and 
exit  of  the  undulator  to  a  beamline  reference  laser, 
which  will  also  be  used  to  calibrate  the  diagnostic  pop- 
ins.  Two  laser  straightness  interferometers,  also  aligned 
parallel  to  the  beamline  reference  laser,  will  then  be 
used  to  achieve  an  alignment  tolerance  of  20  pm  to  the 
magnetic  axes.  One  interferometer  can  be  moved  on  a 
path  level  with  the  axis  horizontally,  and  the  other  is 
vertically  above  the  axis. 

We  chose  Ce:YAG  crystals  for  beam  position 
monitors  because  when  the  electron  beam  strikes  0.5 
mm  thick  slice  of  this  material,  it  causes  the  crystal  to 
fluoresce  with  negligible  blooming. [6]  The  fluorescent 
light  reflects  from  two  45  degree  mirrors  into  a  CCD 
camera,  as  shown  in  figure  4: 


Figure  4:  Schematic  view  of  pop-in  diagnostic. 
The  mirrors  and  YAG  crystal  are  translated  into  two 
positions  that  intercept  the  combined  photon  and  elec¬ 
tron  beams.  The  diagram  reflects  two  positions  of  the 
periscope;  the  beams  are  in  the  same  place  with  respect 
to  the  undulator. 

The  diagnostic  pop-ins  are  mounted  on  the  vacuum 
vessel,  but  they  are  just  periscopes  that  bring  light  out 
to  CCD  cameras.  The  cameras  are  mounted  on  the 
same  support  beam  as  the  undulator,  so  that  exact  posi¬ 
tion  repeatability  for  the  pop-in  is  unnecessary.  The 
resolution  of  the  BPMs  should  be  about  20  pm.  The 
pop-ins  also  carry  a  mirror  that  can  be  used  to  bring 
FEL  output  into  a  bolometer  for  gain  curve  measure¬ 
ments. 

There  are  approximately  two  betatron  oscillation 
periods  in  the  length  of  the  VISA  undulator,  and  the 
diagnostics  and  steering  trim  coils  are  placed  at  intervals 
of  roughly  tt/2  phase  advance.  Simulations  have  been 
performed  to  show  that  errors  as  large  as  200  pm  can  be 
reduced  to  50  pm,  but  can  require  kicks  up  to  1  mrad. 

This  work  was  supported  by  the  United  States  De¬ 
partment  of  Energy,  Office  of  Basic  Energy  Sciences 
under  contract  No.  DE-AC03-76SF00515.  The 
authors  are  pleased  to  acknowledge  valuable  contribu¬ 
tions  from  Lorraine  Solomon,  John  Skaritka,  Jeff  As- 
penleiter,  and  Michael  Lehecka,  all  of  Brookhaven  Na¬ 
tional  Laboratory. 
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Abstract 

We  present  the  design  of  a  permanent  magnet  wiggler  for  a  pulsed  60kV  FEM  using  two  NdFeB  bars  per 
period.  The  wiggler  period  is  19mm  and  the  maximum  magnetic  field  measured  in  the  gap  centre  was  320 
Gauss.  A  comprehensive  simulation  has  been  carried  out  to  study  the  effect  of  the  end  poles  on  the 
magnetic  field  distribution  and  the  actual  electron  beam  trajectory  measurements  are  discussed  and 
compared  with  the  simulation  results. 


1.  Introduction 

The  Free  Electron  Laser  (FEL)  research  group  is 
currently  in  the  process  of  designing  a  new 
pulsed  FEM  system  as  a  continuation  of  the 
research  to  produce  a  compact,  low  cost  system, 
for  industrial  applications.  An  oscillator 
prototype  FEM,  i.e.  without  pre-bunching,  is 
currently  under  construction  and  will  have  an 
output  power  of  50  watts  at  X-band  frequencies. 
Unlike  the  previous  systems,  this  FEM  will  use  a 
higher  current,  >300mA,  and  a  55  to  80kV 
pulsed  electron  beam.  The  electron  accelerator 
design  is  based  around  a  Pierce  type  gun 
acquired  from  EEV.  A  new  pure  permanent 
magnet  wiggler  has  been  designed  for  this 
system,  using  a  specially  developed  simulation 
program.  The  wiggler  uses  a  new  end  section 
design  that  greatly  reduces  the  mechanical 
complexity,  and  therefore  the  cost,  compared  to 
previous  wigglers  [1,2]. 

2.  Wiggler  Simulation  Software 

Two  programs  have  been  developed  to  simulate 
the  effect  of  different  wiggler  designs  on  the 
electron  beam  [3].  MagSim  calculates  and 
displays  the  magnetic  field  profile  of  wiggler 
magnet  and  TrajectSim  calculates  the  electron 
beam  trajectory  through  the  wiggler. 

2.  J.  Magnetic  Field  Simulation  Program 
MagSim  provides  a  realistic  representation  of  a 
physical  magnet,  allowing  the  size,  the  position, 
the  orientation  and  the  remanence  to  be  adjusted. 

2.2.  Simulation  of  Electron  Beam  Trajectories 
Calculations  of  the  electron  beam  trajectory  were 
performed  by  simulating  an  electron  as  a  particle 
with  a  rest  mass,  a  relativistic  mass,  a  charge,  an 
energy,  a  position  and  a  velocity  direction. 


TrajectSim  is  used  to  calculate  and  store  the  path 
of  the  electron  through  the  simulated  magnetic 
field  produced  by  the  MagSim  program. 

3.  The  Wiggler  Magnet  Design 
The  wiggler  magnet  was  designed  with  thirty 
19mm  periods,  using  two  NdFeB  permanent 
magnets,  with  a  residual  field  of  12500  Gauss 
(1.25  Tesla),  per  period.  The  MagSim  program 
was  used  to  simulate  the  effect  of  the  wiggler, 
with  the  assumption  that  all  the  magnets  were 
perfectly  matched.  To  display  the  design 
approach  more  clearly,  the  simulation  results 
have  been  produced  for  a  scaled  wiggler.  The 
magnet  and  gap  dimensions  have  been  doubled 
and  the  number  of  wiggler  periods  has  been 
reduced  to  eight  and  half.  In  each  case  a  60kV 
electron  has  been  fired  towards  the  wiggler, 
starting  at  (0,0,-300)  heading  left  to  right  along 
the  Z-axis. 

3. 1.  Full  magnet  bar  at  each  end 

The  initial  design  began  with  all  the  wiggler 

magnets  having  uniform  dimensions, 
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Fig.  la:  Magnet  positions  and  beam  trajectory 
for  full  magnet  bar  at  each  end. 
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By  (Gauss) 


Fig.  lb:  Magnetic  field  distribution  for  full 
magnet  bar  at  each  end. 


as  shown  in  Fig.la.  The  trajectory,  as  seen  from 
the  top  view  of  the  wiggler  magnet,  shows  that 
electrons  at  60kV  cannot  enter  the  wiggler.  This 
is  due  to  the  large  “rabbit  ears”  in  the  magnetic 
field  distribution  (By),  shown  in  Fig. lb,  where 
the  field  is  strong  enough  to  turn  the  electrons 
away. 

3.2.  Tuneable  half  magnet  bar  at  each  end 


electrons  travel  much  closer  to  the  axis  inside  the 
wiggler.  Notice  also  that  there  is  now  no  visible 
external  field  when  |Z|>200. 

3.3.  Final  Design 

At  first  glance,  the  previous  design  does  not 
present  a  practical  solution,  but,  as  superposition 
applies,  the  two  overlapping  magnets  can  be 
substituted,  as  shown  in  Fig. 3,  by  two  magnets 
and  an  air  gap,  by  effectively  removing  the 
overlapping  volume. 
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To  reduce  the  magnetic  field  offset  at  each  end, 
the  half-width  magnets  was  used  and  gradually 
moved  towards  their  adjacent  full  magnet.  As  the 
gap  was  reduced  the  offset  decreased,  and  this 
trend  continued  until  the  gap  was  -1mm,  i.e.  the 
half-width  magnets  had  overlapped  the  adjacent 
magnet,  as  shown  in  Fig.2a. 


Disp  (mm)  Top  View 


Mag  X  (mm) 


(mm)  Side  view 


Fig.  2a:  Magnet  positions  and  beam  trajectory 
for  overlapped  half  magnet  bar  at  each  end. 

By  (Gauss) 


Fig.  2b:  Magnetic  field  distribution  for 
overlapped  half  magnet  bar  at  each  end. 

It  can  be  seen  from  Fig. 2b  that  the  “rabbit  ears” 
effect  has  almost  disappeared,  and  as  a  result,  the 


Fig.  3:  Superposition  of  magnets. 

For  the  actual  wiggler  design,  the  first  and  last 
full  magnets  were  reduced  to  a  width  of  6mm, 
and  the  half  magnets’  width  was  reduced  to 
2.5mm.  Fig.4  show  how  these  modifications, 
produced  an  identical  magnetic  field  distribution 
and  beam  trajectory  as  in  Fig.2a  and  Fig.2b. 
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Fig.  4:  Magnetic  field  distribution  for  final 
design. 

4.  Actual  Wiggler  Measurements 

Having  produced  a  suitable  theoretical  design,  a 
NdFeB  magnet  wiggler  was  built  with  the 
specifications  listed  in  Table  1.  The  magnetic 
field  measurements  have  been  made  using  a  Hall 
probe  with  an  effective  cross-sectional  area  of 
approximately  0.04mm2,  and  an  accuracy  of  ±1.3 
Gauss. 

The  distribution  of  the  wiggler  magnetic  field 
has  been  obtained  and  is  shown  in  Fig.5,  the 
average  magnetic  field  along  the  gap  centre  is 
320  Gauss  (0.032  Tesla).  The  electron  beam 
trajectory  was  calculated  from  a  double 
integration  of  the  magnetic  field  distribution,  and 
the  results  showed  that  the  wiggler  would 
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produce  a  1mm  off-axis  shift,  which  was  in 
agreement  with  the  simulated  results. 


Table  1:  Wiggler  magnet  parameters 


Remanent  field  Br 

1.25  Tesla 

Permanent  magnet  material 

NdFeB 

Wiggler  period  (Xw) 

19mm 

Wiggler  gap  (g) 

22mm 

Average  magnetic  field 

320  Gauss 

Number  of  magnets  per  period 

2 

Total  No.  of  periods 

30 

Overall  length 

570mm 

5.  Conclusions  and  Future  Work 

MagSim  and  TrajectSim  are  two  simulation 
programs,  which  have  been  developed  as  a 
design  tool  for  a  pure  permanent  magnet  wiggler, 
for  a  new  pulsed  FEM.  The  software  has  enabled 
the  wiggler  to  be  constructed  with  simplified  end 
sections,  and  so  reduced  the  overall  cost. 
Magnetic  field  distribution  measurements  for  the 
wiggler  are  in  good  agreement  with  the 
simulated  results. 

Further  simulations  are  in  progress  to  investigate 
the  ability  of  side  magnets  [4]  to  correct  the 
effects  of  poor  magnet  matching  in  the  wiggler’ s 
central  section,  on  the  electron  beam  trajectory. 
Preliminary  results  suggest  that  the  use  of  side 
magnets  could  correct  the  trajectory  of  a 


centrally  fired  electron  even  with  ±5%  errors  in 
the  magnets’  residual  fields,  and  give  an 
acceptance  angle  at  the  wiggler  entry  point  of 
about  10  degrees.  This  would  be  of  great  benefit 
in  terms  of  the  speed  of  wiggler  construction. 
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Abstract 

Improvements  of  two  limiting  cases  of  a  novel  hybrid/permanent  magnet  (hybrid/PM)  undulator  design  are 
considered.  For  the  short-period  (<  -1cm)  case  the  magnetic  structure  doesn’t  contain  any  small-scale  PM  pieces  or 
permeable  blocks.  At  a  4.5  mm  vertical  gap  and  a  9  mm  period  an  on-axis  field  amplitude  of  -3.1  kGauss  and  a  period- 
averaged  focusing  gradient  of  up  to  500  T/m  can  be  attained.  For  the  case  emcompassing  period  lengths  >  -1  cm  the 
magnetic  field  amplitude  can  be  increased  up  to  5.1  kGauss  for  the  same  gap/period  ratio  by  installing  an  additional  set 
of  bias  PM  pieces.  3D-simulation  results  of  selected  magnetic  field  optimizations  are  discussed. 


1.  Introduction 

The  recent  introduction  of  X-ray  FEL  (XRFEL) 
projects  based  on  Self- Amplified  Spontaneous  Emission 
(SASE)  has  led  to  the  development  of  specialized  high- 
field  undulator  designs  with  strong  superimposed 
focusing.  In  a  number  of  approaches  proposed  or 
introduced  in  recent  years  period-averaged  focusing 
gradients  of  up  to  -100  T/m  have  been  reported  for 
superimposed  permanent  magnet  (PM)  lattices  [1,2,3], 
and  up  to  -50  T/m  with  shaped/canted  pole  hybrid/PM 
designs  [4],  at  undulator  gaps  and  periods  down  to  -5  mm 
and  -3  cm,  respectively.  Continuing  in  this  direction,  a 
novel  design  of  a  strong-focusing  hybrid/PM  undulator 
with  even  higher  focusing  gradients  and  shorter  attainable 
periods  has  recently  been  advanced  by  us  and  our 
collaborators  [5,6].  For  periods  down  to  the  sub¬ 
centimeter  range  the  magnetic  structure  doesn't  contain 
any  small-scale  PM  pieces  or  permeable  blocks,  the 
undulator  field  being  channeled  through  four  steel 
monoblocks  with  machined  periodic  profiles.  The  steel 
geometry  provides  for  a  straightforward  mechanism  of 
leakage-field  suppression  and  the  PM  monoblocks  that 
generate  the  field  are  substantially  displaced  from  the 
electron  beam  axis,  a  favorable  configuration  for  high- 
bremsstrahlung  environments.  Experimental  and 
numerical  studies  of  selected  variations  of  the  basic 
structure  indicated  the  attainability  of  averaged  focusing 
gradients  in  the  -300-500  T/m  range.  At  these  focusing 
strengths,  the  undulator's  dipole  field  amplitude  can 
attain  up  to  -0.29  T  for  a  gap/period  ratio  of  1/2,  which  is 
comparable  to  or  greater  than  the  dipole  fields  attained 
with  previously  reported  pure-PM  monoblock  structures 
featuring  similar  ratios  [7,8,9].  Despite  these  results,  the 

♦Portions  of  this  work  were  supported  in  part  by  the  Department 
of  Energy  Offices  of  Basic  Energy  Sciences  and  High  Energy 
and  Nuclear  Physics,  and  Department  of  Energy  Contract  DE- 
AC03-76SF00515. 


importance  of  increasing  the  maximum  mid-plane  field  of 
our  design  even  further,  up  to  the  regime  typical  of  the 
Hal  bach  ("Type  3")  configuration  [10],  was  clearly 
recognized  by  us  from  the  outset.  In  the  present  paper  we 
describe  three  improvements  on  our  original  scheme  that 
lead  to  increased  on-axis  field  amplitudes.  Two  of  these 
can  be  used  for  sub-centimeter  period  lengths  (Case  1), 
while  the  third  design,  which  includes  added  PM 
material  in  closer  proximity  to  the  gap,  is  more 
applicable  to  periods  in  excess  of  -1cm  (Case  2). 

2.  Strong-Focusing  Design  Variations 

2.1.  Case  1 

A  schematic  view  of  the  top  half  of  the  improved 
undulator  design  is  shown  in  Fig.  1.  The  uniform  part  of 


Figure  1.  Improved  undulator  structure:  a)  -  side  view  of  the 
top  part  of  the  structure;  b)  -  top  view.  I  -  steel  yokes;  2  -  PM 
material;  3  -  steel  plates;  4  -  bias  PM  pieces  (Case  2  only). 
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the  magnetic  structure  consists  of  four  steel  blocks  (1) 
and  two  additional  steel  plates  (3)  which  form  right  and 
left  yokes  with  a  magnetic  gap  (g)  and  four  PM  blocks 

(2)  with  magnetization  vectors  inclined  at  an  angle  y.  No 
bias  PMs  are  employed.  Each  steel  block  (1)  has  a 
periodic  structure  (with  period  Xw)  machined  into  the 
poles.  The  poles  have  a  wedge  shape  with  dimensions  h 
and  a  in  the  XY-plane  and  an  acute  angle  a+p  in  the  XZ- 
plane.  The  right  and  left  parts  of  the  assembly  are  shifted 
relative  to  each  other  along  the  Y-axis  by  the  value  A.w/2 
and  along  the  X-axis  by  Dx.  The  undulator's  magnetic 
field  is  created  by  the  superposition  of  the  modulated 
magnetic  fluxes  of  both  yokes.  The  average  value  of  the 
on-axis  magnetic  field  is  equal  to  0.  Both  the 
displacement  Dx  and  the  specific  steel  yoke  profile 
provide  some  amount  of  leakage  flux  suppression 
between  the  yokes’  poles. 

2.2  Case  2 

When  the  undulator  period  is  larger  than  -1  cm  one 
can  add  a  set  of  PM  bias  magnets  (Fig.  1).  These  (4)  are 
affixed  in  the  slots  between  poles  in  orientations  similar 
to  those  of  Ref.  [4],  and  can  be  machined  either  as  single 
pieces  or  as  serrated  profiles  of  a  larger  PM  monoblock. 
In  the  simulations  we  used  Xw  =  9  mm,  g  =  4.5  mm, 
Vanadium-Permendur  yokes,  and  NdFeB  permanent 
magnets  (Br=1.2  T).  The  angle  y  between  the 
magnetization  vectors  of  the  PM  blocks  (2)  and  the  X- 
axis  was  ±  20°.  The  parameter  h  was  equal  to  10  mm. 

The  scheme  without  the  added  PM  bias  pieces  can 
provide  an  enhanced  magnetic  field  amplitude  of  up  to 
0.305  T  for  the  parameters  a=2.2  mm,  oc=80°,  Dx=-2.0 
mm  (parallel  gap,  P=0°),  and  up  to  0.317  T  for  the  same 
a,  a,  and  Dx=-1.8  mm  (canted  gap,  p=-7°,  g'=4.72  mm). 

In  the  design  with  the  bias  magnets  the  magnetic 
field  amplitude  can  reach  up  to  0.513  T  for  the 
parameters  a=1.0  mm,  a=80°,  Dx=-2.7  mm  (parallel  gap, 
P=0°).  Figure  2  shows  the  mid-plane  field  and  its  gradient 
as  functions  of  Dx  for  these  parameters.  One  can  see  that 
the  respective  maxima  of  the  undulator  field  and  gradient 
are  attained  for  different  values  of  Dx. 

The  dependence  of  the  optimal  values  of  the  field 
amplitude  Bz  (1)  and  the  parameter  Dx  (2)  on  a  is 
displayed  in  Figure  3.  It  is  evident  that  small  values  of 
a  (for  which  the  approaching  similarity  of  our  structure  to 


Figure  2.  Undulator  field  (1)  and  its  focusing  gradient  (2). 


Figure  3.  Optimization  curves  for  Case  2  (bias  PM  blocks 
included). 

the  Halbach  "Type  3"  field  configuration  becomes 
increasingly  evident)  are  preferable.  However,  even  the 
original  scheme  [5]  (with  a=3  mm)  is  seen  to  generate  a 
substantial  field  increase  of  -33%  when  the  PM  bias 
magnets  are  employed. 

Thus,  our  work  indicates  that  the  described 
structures,  once  suitably  optimized,  can  provide  strong- 
focusing  average  gradients  of  -200  T/m  or  more,  together 
with  dipole  field  strengths  approaching  those  of .  an 
optimal  Halbach  configuration. 
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Low-energy  beam  focusing  in  various  types  of  undulators 
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In  a  low  energy  PEL,  electron  beam  focusing 
is  important  to  get  a  higher  FEL  gain.  It  has  been 
thought  that  a  helical  field  produced  by  a  double  he¬ 
lix  coil  is  very  suitable  for  this  purpose.  Since  a  su¬ 
perconducting  coil  for  a  high  peak  field  is  not  easy 
to  construct,  other  methods  such  as  additional 
quadrupole  magnets,  a  parabolic  pole  undulator  and 
an  angled  edge  undulator  have  been  investigated  [1- 
3].  Meanwhile,  several  kinds  of  helical  field  undula¬ 
tors  composed  of  permanent  magnets  have  been  re¬ 
cently  proposed  and  constructed;  a  crossed  array  un¬ 
dulator  [4],  a  double  array  undulator  [5]  and  a  canted 
array  undulator  [6].  In  the  present  paper,  orbit  trajec¬ 
tories  of  a  low  energy  electron  beam  in  these  undula¬ 
tors  are  numerically  investigated  and  focal  lengths  of 
the  beam  are  obtained  against  the  beam  energy,  and 
compared  with  that  of  a  planer  undulator,  which  has 
a  vertical  focusing. 

The  field  of  Halbach  type  planer  undulator  is 
given  by 

Bx=-Bo(kx/ky)sin(kxx)sinh(kyy)cos(k2z) 

By=  Bocos(kxx)cosh(kyy)cos(kzz) 

Bz=-Bo(kz/ky)cos(kxx)sinh(kyy)sin(kzz) 

where  Bo  is  the  peak  field,  ky2-kx2=kz2  and 
kz=27t/Ao  with  Xo  the  undulator  period. 

The  pole  face  of  parabolic  pole  undulator  is  con¬ 
caved  to  introduce  a  sextupole  field,  and  the  field  is 
obtained  by  replacing  kx  with  ikx  in  the  field  for  the 
planer  undulator. 

Crossed  array  undulator  is  composed  of  horizontal 
and  vertical  planer  magnet  arrays.  The  field  of  hori¬ 
zontal  array  is  given  above.  The  field  of  vertical  ar¬ 
ray  is  given  by 

Bx'=  Bocos(ky'y)cosh(kx,x)cos(kzz+7t/2) 


By’=-Bo(ky'/kx')sin(ky’y)sinh(kx,x)cos(kzz+7t/2) 

Bz'=-Bo(kz/kx,)cos(ky'y)sinh(kx'x)sin(kzz+7i:/2) 

where  kx2-ky'2=kz2.  The  total  field  is  given  by 
the  sum  with  that  for  the  planer  undulator. 

The  field  of  double  array  undulator,  composed  of 
two  Halbach  types  of  undulators,  can  be  expressed  as 

Bx=  Bo(Kx/Ky))sin(<|)/2)cos(Kxx)cosh(Kyy)sin(kzz) 

By=  Bocos((()/2)cosh(kyy)cos(kzz) 

+Bosin(<()/2)sinh(Kxx)sin(Kyy)sin(kzz) 

Bz=-Bo(kz/ky)cos((|)/2)sinh(kyy)sin(kzz) 

+Bo(kz/Ky)sin((()/2)sin(Kxx)cosh(kyy)cos(kzz) 

where  Kx=7t(10/g)1/2,  Ky=(Kx2+kz2)1/2  with  g  the 
magnet  gap  height,  and  §  is  phase  difference  of  the 
magnet  arrays.  This  formula  is  valid  in  the  range 
Kxx<7i/2.  Circularly  polarized  radiation  is  produced 
when  tan(<|)/2)=Ky/Kx  is  satisfied. 

Canted  array  undulator  is  basically  composed  of  a 
Halbach  type  undulator,  the  top  and  bottom  magnet 
arrays  of  which  are  canted  by  0  against  the  beam  axis 
in  the  horizontal  plane.  The  field  is  expressed  as 

Bx=-(Bo/2)sin0{exp(kzy)sin[kzf(z)+,x)] 

+exp(-kzy)sin[kzf(z,“,x)] ) 

By—  (B^jfexpCkzyjcosJkz^Zj+jX)  ] 

+exp(-kzy)cos[kzf(z  ,-,x)] } 

B z=-(B()/2)cos0  { exp(kzy)sin[kzf(z,+,x)  ] 

-exp(-kzy)sin[kzf(z  ,-,x)] } 
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Table  1  Parameters  and  conditions  for  numerical  calcu¬ 
lation  of  orbit  trajectories. 


Beam  energy 

E(MeV) 

5—40 

Undulator  period 

Ao(mm) 

60 

Peak  field 

Bo(T) 

0.3 

Planer  undulator 

kx=0 

Parabolic  undulator 

CM 

if 

>■ 

II 

X 

Crossed  array  undulator 

kx-ky-0 

ky=kx=kz 

Double  array  undulator 

kx=0 
g=30  mm 
<j>=129  deg 

Canted  array  undulator 

Xeff=60  mm 

0=71/4 

where  f(z,±,x)=zcos0±xsin0,  and  kx=0  and  ky=kz  are 
assumed.  The  undulator  produces  an  elliptical  field 
with  the  ratio  sinG  between  the  horizontal  and  verti¬ 
cal  peak  fields.  The  undulator  has  an  effective  period 
^efp=Xo/c°s0}  with  Xq  the  period  before  canted. 

The  field  in  double  helix  coil  is  approximately 
given  by 

Bx~-Bo{[l+(l/8)kz2(3x2+y2)]sin(kzz) 

— (l/4)kz2xycos(kzz)} 

By=  Bo(  [  l+(l/8)kz2(x2+3y2)]cos(kzz) 

— (l/4)kz2xysin(kzz) } 
Bz=r-Bo[  1  +( l/8)kz2(x2+y2)]  [kzxcos(kzz) 

+kzysin(kzz)] 

Orbit  trajectory  of  an  electron  beam  in  the  undu- 
lators  was  calculated  numerically  for  the  above  fields 
with  the  equation,  myd2r/dt2=-evxB,  where  m  and 
e  are  the  electron  mass  and  charge,  respectively,  y  is 
the  relativistic  beam  energy  and  v  is  the  velocity. 
Field  correction  at  the  entrance  of  undulators  was  not 
considered.  Instead,  beam  injection  angle  into  the 
undulators  was  adjusted  to  reduce  the  orbit  ampli¬ 
tude.  The  focal  length  is  defined  as  1/8  of  one  period 
of  average  orbit  oscillation.  Table  1  shows  the  pa¬ 
rameters  and  conditions  for  the  numerical  calcula¬ 
tion. 

Fig.l  shows  the  beam  energy  dependence  of  the 
vertical  focal  lengths  obtained  from  the  orbit  trajec¬ 
tories.  Vertically  the  helix  coil  and  the  crossed  undu 


lator  have  the  same  focal  length  as  that  of  the  planer 
undulator.  The  canted  undulator  has  a  shorter  focal 
length.  The  double  array  undulator  and  the  parabolic 
undulator  have  1.5  times  longer  focal  length  than 
that  of  the  planer  undulator.  Horizontally,  the  helix 
coil,  the  crossed  undulator  and  the  parabolic  undula¬ 
tor  have  the  same  focal  lengths  as  those  in  the  ver¬ 
tical  plane.  There  is  no  focusing  in  the  canted  undu¬ 
lator  and  the  double  array  undulator,  although  these 
undulators  produce  helical  fields.  These  results  sug¬ 
gest  that  all  the  focusing  force  in  the  undulators 
originally  come  from  the  vertical  edge  focusing.  The 
double  array  undulator  and  the  canted  undulator,  basi¬ 
cally  composed  of  plane  magnet  arrays  in  the  top  and 
bottom,  have  no  focusing  force  horizontally.  In  the 
parabolic  undulator,  the  original  edge  focusing  is  di¬ 
vided  into  the  horizontal  and  vertical  planes  by  the 
sextupole  field  in  the  undulator.  The  same  thing  is 
realized  by  changing  the  edge  angle  in  a  planer  un¬ 
dulator.  Since  the  focal  lengths  are  all  proportional 
to  the  beam  energy,  as  shown  in  the  figure,  they  can 
be  scaled  at  a  higher  beam  energy. 


E(MeV) 

Fig.l  Energy  dependence  of  vertical  focal  length  in 
various  type  undulators.  Horizontal  focal  lengths  are 
the  same  except  for  planer,  double  array  and  canted  array 
undulators,  which  have  no  horizontal  focusing. 
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Abstract 

The  unconventional  scheme  of  an  optical  undulator  IR  free-electron  laser  that  achieves  Doppler  frequency  down- 
conversion  is  investigated.  Analytical  non-perturbative  theory  of  this  down-conversion  FEL  in  the  nonlinear 
strong-signal  low-gain  Compton  regime  is  developed.  The  electromagnetic  field  distribution  and  electron  beam 
evolution  inside  the  interaction  region  are  investigated  and  FEL  saturation  intensity  is  determined.. 


The  optical  undulator  FEL  is  considered  now  as 
a  promising  coherent  and  rather  compact  x-ray 
source.  In  the  IR  spectral  domain,  the  new 
unconventional  "down-conversion"  scheme  of  the 
optical  undulator  FEL  is  suggested  [1,2].  In  the 
"down-conversion"  FEL  a  high-power 
electromagnetic  pump  wave  (of  wavelength  X{)  and 
the  REB  propagate  in  the  same  direction,  in  contrast 
with  the  conventional  FEL  concepts.  The  signal 
amplified  is  then  counter-propagating  and  its 
wavelength  (As)  is  determined  by  the  reverse  of  the 
conventional  relation  (y»l)  As«4y%.  Assuming  a 
high-power  Nd-laser  (A—1.06  pm)  radiation  as  a 
pump  and  y«5  we  have  100pm.  Thus,  it  is 
possible  to  cover  all  the  IR  spectral  domain  using 
low- voltage  high  current  electron  accelerators.  That 
is  the  clear  advantage  of  the  scheme. 

The  linear  theory  of  a  down-conversion  IR  FEL 
in  the  low-gain  Compton  regime  was  given  in  Ref. 
[2].  It  was  found  that  this  scheme  reveals  some 
specific  features  that  are  quite  different  from  those  of 
conventional  FELs.  As  a  result  of  lasing,  in  the 
down-conversion  FEL  the  beam  electrons  have  to  be 
accelerated  instead  of  decelerating  in  the 
conventional  devices,  because  the  energy  of  pumping 
wave  is  shared  between  the  amplified  signal  wave 
and  electron  beam.  Beam  quality  restrictions  are 
substantially  less  severe  than  those  in  conventional 
FELs  [2] 

(S@2) /2,Sy  / y  <4y2  /2N  ,  (1) 

here  Ay  is  the  beam  energy  spread,  <A©2>  is  the 
mean  angle  spread  due  to  the  beam  emittance,  and  N 
is  the  number  of  undulator  periods. 

In  this  paper,  we  develop  a  non-perturbative 
strong-signal  ID  nonlinear  theory  of  the  down- 
conversion  FEL  in  the  low-gain  Compton  regime.  A 
homogeneous  REB  is  propagating  in  the  positive  pr¬ 


axis  direction  at  a  velocity  pc.  The  electromagnetic 
field  potential  is  assumed  to  be  a  superposition  of 
pumping  (i)  and  signal  (s)  plane  waves  of  circular 
polarization  and  slowly  varying  amplitudes  AiiS(z). 
The  pumping  wave  propagates  in  the  beam  direction, 
the  signal  is  a  counter-propagating  wave. 

Under  the  assumptions  above,  the  dynamics  of 
electrons  are  described  by  a  one-dimensional  kinetic 
equation,  which  can  be  reduced  by  a  well-known 
procedure  to  a  set  of  quasi-Bloch  equations  [3] 

_  ke2 


oR, 


pc 2 


ke 1 


^-  +  {tR2=-2^—A2A2^- 
ok  2  pc2  1  s  4> 


<fo 


(2) 


Here  f0  is  the  steady-state  part  of  the  electron 
distribution  function,//  is  the  part  which  oscillates  at 
the  frequency  of  ponderomotive  potential, 
iT?,  =  A: Asft  -  A]Aj;  and  R2  =  A: Asft  +  A,A'j;  , 
p=myco/pc-k  -  is  the  detuning  parameter  of  an 
electron  from  exact  resonance  with  the 
ponderomotive  wave  of  the  frequency  co=(Oj  -  cos  and 
wavenumber  k=k,  +ks ,  p=mypc  is  the  momentum  of 
an  electron.  In  analogy  with  conventional  Bloch 
equations,  the  functions  f0  ,  Rj  2  can  be  regarded  as 
the  medium  excitation  and  real  and  imaginary  parts 
of  medium  polarization,  respectively.  The  boundary 
condition  for  equation  (3)  is  the  steady  state 
Gaussian  momentum  distribution  at  the  entrance  of 
undulator. 

The  wave  equations  are  then  reduced  to  the  form 

dA2r  2sm„e2 

(3) 


ck 


me  k. 


■IrA 
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In  the  small-signal  approximation,  the  set  of 
equations  (2), (3)  can  be  solved  using  perturbation 
theory,  which  leads  to  the  results  of  Ref. [2], 

In  the  strong-signal  nonlinear  operation  regime, 
perturbations  of  the  electron  distribution  function 
become  large  and  are  to  be  accounted  exactly. 
Assuming  the  amplitudes  to  be  slow  varying 
functions,  we  derive  from  (2)  the  equation  for  R,  [5] 
Assuming  for  estimates  7=3.3,  ?q=L06  pm, 
I;=1014  W/cm2,  ne=1012  cm'3  (i.e.,  ~5  kA/cm2),  and 
L=2  the  undulator  length,  we  have  the  signal 
saturation  intensity  is  Is«0.33  MW/cm\ 

To  describe  the  evolution  of  the  electron  beam 
distribution  function,  one  shoul  integrate  the  first  of 
the  quasi-Bloch  equations  (2).  As  a  result,  we  find 


4(7 

f„(x,p)  =  f0(.0,P)—i - exp 
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This  solution  can  determines  the  broadening  of 
the  electron  distribution  and  the  gain  in  energy  of 
beam  electrons  which  result  from  the  lasing  in  the 
down-conversion  FEL.  The  acceleration  of  electrons 
in  the  down- conversion  FEL  is  the  direct  consequence 
of  energy  conservation  law  in  an  elementary  Compton 
event.  Numerical  calculations  [5]  show  that,  at  the 
signal  intensity  of  «l/4  saturation  intensity  (9),  the 
characteristic  width  of  the  distribution  function 
increases  in  ~3  times  at  the  exit  of  undulator,  and  the 
mean  energy  gain  per  electron  &y/Y  ~  2y2/kl~  0.3%. 
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The  FEL  Projects  at  the  Rossendorf  Radiation  Source  ELBE 


F.  Gabriel,  P.  Gippner,  E.  Grosse*,  D.  Janssen,  P.  Michel,  H.  Prade,  A.  Schamlott,  W.  Seidel,  U.  Steegmiiller,  M. 

Wenzel,  A.  Wolf,  R.  Wiinsch  and  the  ELBE-crew 
Forschungszentrum  Rossendorf,  Postfach  510119 ,  01314  Dresden,  Germany 

The  Forschungszentrum  Rossendorf  (FZR)  is  building  a  superconducting  ELectron  accelerator  [1]  with  high 
Brilliance  and  low  Emittance  (ELBE)  which  can  deliver  a  cw  beam  of  40MeV  and  1  mA.  ELBE  will  be  equipped  with 
a  free  electron  laser  system  for  the  production  of  infrared  light  in  the  range  of  5  to  150  pm.  The  electron  beam  will 
also  be  used  to  generate  X-rays,  bremsstrahlung,  positrons  and  neutrons. 

Electron  gun:  The  electron  gun  is  designed  to  deliver  microbunches  of  85  pC  at  11.8  MHz  yielding  an  average  current 
of  1  mA.  To  ensure  good  gain  for  the  infrared  radiation  (IR)  production  in  the  free  electron  laser  (FEL)  special  care 
is  taken  to  keep  the  beam  emittance  low.  The  normalized  transverse  emittance  is  expected  to  be  below  7  mm  mrad 
(rms).  For  the  thermionic  gun  with  a  subharmonic/fundamental  (0.26/1.3 GHz)  buncher  system  the  longitudinal 
emittance  will  be  well  below  100keV-ps  (rms)  with  a  rather  large  rms  energy  spread  of  up  to  100  keV  imposed  by  the 
necessarily  quite  high  bunching  voltage. 

We  therefore  started  the  development  of  a  superconducting  photo-electron  gun  [2]  which  would  allow  us  to  reduce 
the  longitudinal  emittance  by  about  a  factor  of  4  and  especially  the  energy  spread  to  below  30keV.  This  gun  is 
presently  being  built  in  collaboration  with  the  Budker  Institute  at  Nowosibirsk,  where  the  surrounding  acceleration 
cavity  (EZ}Tnax  «  20  MV/m)  has  been  designed.  Robust  Cs2Te-photocathodes  for  5eV  photon  energy  will  be  used 
inside  of  the  superconducting  cavity.  A  11.8  MHz  repetition  rate  laser  system  with  rather  large  average  power  (1 W)  at 
a  wavelength  of  262  nm  will  be  developed  by  the  Max-Born-Institut  fur  Nichtlineare  Optik  und  Kurzzeitspektroskopie 
at  Berlin. 

Accelerator:  The  maximum  electron  energy  of  about  40MeV  will  be  reached  by  using  4  superconducting  1.3  GHz 
Nb-cavities  with  9  cells  each.  These  cavities  are  identical  to  the  ones  developed  for  the  DESY  TESLA-Test-Facility 
(TTF),  where  they  are  supposed  to  reach  at  least  25  MV/m  when  used  at  low  duty  cycle,  whereas  for  ELBE  a  cw- 
operation  with  a  minimum  of  lOMV/m  is  envisaged.  After  chemical  treatment  and  tests  of  the  cavities  performed 
at  the  DESY  site,  the  cavities  will  be  arranged  pairwise  in  two  cryostats  of  3.2  m  length.  Between  them  there  will 
be  enough  space  to  allow  the  installation  of  a  small  superconducting  energy  modulator  cavity  and  a  corresponding 
magnetic  separator  system  such  that  subsequent  beam  bunches  of  different  energy  can  be  produced  [3].  This  will 
allow  pump-probe  experiments  with  independently  tunable  wavelengths  from  two  parallel  driven  FELs.  The  design 
of  the  cryostats  and  the  accelerator  set-up  was  performed  in  close  contact  with  the  Hansen  Experimental  Physics 
Laboratory  (HEPL),  where  a  similar  arrangement  is  planned  for  the  upcoming  upgrade  of  the  Stanford  Picosecond 
FEL  Center.  A  floor  plan  of  the  ELBE  project  is  shown  in  fig.  1.  The  beam  line  system  will  lead  the  electrons  to  a 
number  of  experimental  caves,  which  have  to  be  shielded  heavily  by  concrete  walls  due  to  the  rather  high  beam  power. 
Target  stations  to  generate  positrons,  neutrons  and  bremsstrahlung  for  investigations  related  to  nuclear  physics  and 
technology  are  planned  and  special  emphasis  is  put  on  channeling  and  parametric  X-ray  production.  The  rather  good 
quality  of  that  radiation  [4]  makes  it  a  candidate  for  its  use  in  independent  experiments  as  well  as  in  correlation  to 
the  IR-studies  to  be  performed  with  the  FELs  for  which  two  caves  are  reserved. 

FEL-undulators:  For  the  far-infrared  wavelengths  an  electromagnetic  undulator  is  being  developed  and  built  at  the 
FZR.  It  will  have  a  period  of  90  mm  and  rms  K-values  from  0.6  to  1.2  are  to  be  realized  by  adjusting  the  current 
in  the  magnetic  coils.  Varying  the  electron  energy  from  10  to  40MeV  will  result  in  FEL  radiation  between  150  and 
somewhat  below  25  pm.  This  undulator  will  first  be  installed  downstream  from  the  accelerator  and  the  beam  line 
leading  to  it  will  be  equipped  with  a  chicane  for  beam  compression. 

The  double  dog  leg  beam  line  leading  to  the  mid-infrared  FEL  cave  has  been  especially  designed  to  allow  control 
of  the  bunch  length  as  well  as  of  the  transverse  phase  space.  Thus  an  optimum  matching  to  the  undulator  can  be 
realized.  To  obtain  bunch  compression  the  buncher  and  accelerator  have  to  be  phased  such  that  high  momentum 
particles  enter  the  beam  line  first  -  in  contrast  to  the  situation  when  a  chicane  is  used. 

In  the  initial  phase  of  ELBE  use  will  be  made  of  two  existing  permanent  magnet  undulators  for  the  mid-infrared 
region  which  we  envisage  to  install  for  some  period  of  time.  The  50  mm  period  undulator  with  45  elements  built 
at  ENEA/Prascati  [5]  is  housed  in  a  large  vacuum  chamber  and  its  widely  variable  gap  should  result  in  K-values 
ranging  from  about  0.5  to  2.0.  With  40MeV  electrons  the  shortest  wavelength  to  be  reached  will  be  about  6  pm  and 
a  small-signal  gain  above  20%  can  be  reached  for  wavelengths  up  to  50  pm. 
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For  a  better  coverage  of  shorter  wavelengths  a  smaller  undulator  period  is  desirable.  For  the  TTF  at  DESY  a  15  m 
long  wiggler  [6]  with  27  mm  period  is  under  construction  and  plans  have  been  made  to  temporarily  install  at  ELBE 
two  undulator  units  of  33  segments  each  which  are  not  integrable  in  the  long  DESY  device.  The  undulator  has  to  be 
set  up  such  that  gap  (and  K-v alue)  can  be  varied.  A  reasonable  small  signal  gain  can  be  obtained  over  a  wide  range 
in  K  allowing  wavelengths  down  to  3  /xrn  to  be  reached  at  40MeV.  The  gain  will  be  nearly  a  factor  of  2  higher  when 
low  energy-spread  beam-bunches,  as  obtainable  with  a  photo-electron-gun,  are  injected. 

Optical  resonator  and  beam  line:  Corresponding  to  the  electron  beam  repetition  rate  of  11.8  MHz  the  length  of  the 
optical  resonator  will  be  12.7m.  The  projected  Rayleigh  length  of  wlm  is  a  compromise  between  gain  considerations, 
stability  criteria,  mode  size  and  diffraction  losses  at  mirror  and  beam  line  components.  At  present  the  consequence  of 
single  and  multi-hole  resonator  outcoupling  to  the  transverse  mode  structure  of  the  beam  is  numerically  investigated. 
The  IR  beam  will  be  examined  with  respect  to  its  power,  wavelength,  bandwidth,  pulse  duration  and  transverse 
dimensions  in  a  control  cave  before  it  is  directed  to  the  user  caves.  According  to  FZR’s  concept  of  becoming  a  user 
facility  ample  laboratory  space  is  arranged  for.  We  are  presently  investigating  the  advantage  of  installing  a  multi¬ 
user  pump-probe  set-up  as  well  as  a  cavity  ring  down  experiment;  a  target  station  for  gaseous  probes,  eventually 
windowfree,  is  under  consideration. 

Outlook:  After  completion  of  the  approval  procedure,  which  was  complicated  by  the  extended  radiation-hazard 
studies,  the  groundbreaking  took  place  this  summer,  such  that  the  accelerator  installation  can  start  in  the  spring  of 
1999.  We  expect  the  first  electron  beam  before  the  end  of  that  year  and  the  first  infrared  light  not  too  much  later. 
As  indicated  in  this  report,  the  conditions  for  high  power  laser  emission  are  under  special  study  at  ELBE. 

We  have  increasing  contacts  to  possible  users  of  our  facility  from  other  groups  in  the  Forschungszentrum  Rossendorf 
as  well  as  from  outside.  We  have  held  user’s  meetings  for  applications  in  biomedicine  and  also  for  investigations  in 
semiconductor  research  and  physical  chemistry.  In  addition  to  the  wide  wavelength  coverage  important  for  material 
science  and  biomedical  or  physicochemical  investigations  a  high  average  radiation  intensity  is  aimed  for  to  facilitate 
IR-induced  modifications  of  materials  and  surfaces.  Under  consideration  is  also  to  deliver  radiation  produced  by  other 
processes  for  a  simultaneous  use  together  with  the  FEL  infrared  light. 

Acknowledgment:  We  are  greatful  to  our  collaboration  partners  at  HEPL,  DESY,  ENEA,  JLab,  Budker-Institut, 
FELIX,  and  last  but  not  least  TU  Darmstadt. 
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A  relativistic  electron  beam  (REB)  injected  into 
an  underdense  ionized  plasma  channel  ejects  plasma 
electrons,  leaving  behind  a  positive  ion  core  which 
attracts  and  confines  the  beam  electrons  [1].  For  an 
electron  beam  perfectly  injected  into  a  free-electron 
laser  (FEL)  with  a  circularly  polarized  wiggler,  the 
presence  of  an  ion  channel  leads  to  significant  am¬ 
plification  of  a  co-propagating  radiation  field  at  the 
upshifted  wiggler  frequency  [2,3].  In  this  paper,  we 
show  that  if  the  electron  is  axially  injected  into  the 
interaction  region  of  such  an  FEL  configuration,  its 
transverse  trajectory  becomes  a  complicated  func¬ 
tion  of  the  wiggler  and  ion-channel  betatron  frequen¬ 
cies.  Axial  oscillations  arise  in  the  electron  mo¬ 
tion  and  indicate  the  possibility  of  harmonic  gener¬ 
ation.  The  trajectories  obtained  for  axial  injection 
have  been  used  in  evaluating  the  spontaneous  emis¬ 
sion  spectrum  at  the  upshifted  wiggler  frequency  and 
its  harmonics.  Finally,  gain  in  radiation  has  been  ob¬ 
tained  for  the  same  frequencies  in  the  low-gain-per- 
pass  limit. 

Consider  a  relativistic  electron  (  charge  -e  ,  rest 
mass  m  )  injected  axially  with  energy  70mc2  and  ve¬ 
locity  /30c  into  the  interaction  region  of  an  FEL  hav¬ 
ing  a  circularly  polarized  wiggler  magnetic  field  of 
amplitude  Bw,  wavenumber  kw(=  2ir/\w),  described 
by  Bw  =  Bw(coskwz,  sinkwz,  0),  in  the  presence  of  a 
pre-ionized  plasma  channel  whose  axis  is  coincident 
with  the  wiggler  axis.  Once  the  plasma  electrons  are 
expelled,  the  transverse  electrostatic  field  generated 
by  the  ion  channel  is  given  by  Ei  =  2'Kerii(x,  y,  0), 
rii  being  the  density  of  positive  ions  having  charge 
e.  For  an  electron  propagating  in  the  ion-focussed 
regime,  routine  instabilities  that  arise  in  transport 
get  damped  [1].  On  solving  the  relativistic  Lorentz 
force  equations  perturbatively  in  orders  of  the  wig¬ 
gler  magnetic  field,  the  electron  trajectories  may  be 
obtained.  The  transverse  electron  trajectory  is  found 
to  be  a  superposition  of  two  helices,  one  characterized 


by  the  wiggler  frequency  ,  and  the  other  by  the  be¬ 
tatron  frequency  a;,-.  This  gives  rise  to  the  oscillations 
in  the  axial  direction. 

The  intensity  of  spontaneous  emission  per  unit 
solid  angle  per  unit  frequency  interval  emitted  by  the 
electron  (along  the  wiggler  axis)  in  the  presence  of 
the  combined  ion-channel  and  wiggler  fields,  at  a  fre¬ 
quency  u  =  is  found  to  be 
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dndu  47mi-/Q2  uggj-y  '  u 


where  vj  -  (1  -  0zo)u  -  f0ouw, a]  =  Pf  +  Py, 


Px  =  E  E  E 

—  oo  nj=  — oo  n=— oo 

VmJ-ft  -ti+m-i)  +  bmf-fb  -(H-m+i) 

»*i2  >  2 

—  6m,l-  f-  16n-  (l+m)  1- 


oo  oo  oo 

Py  -  y:  y  y 

lzz  —  oo  m~— oo  n  =  -oo 

\Xj8rnj—  f  6n,  — —  Xi8m,l-f- 

6  -P  +  m  +  l)  -  6m  t  — /  — -(l  +  m)  + 
&m,l-f+lf>nZil±Vll]> 


Kju) 


Kfu) 


■(£  + 


a3  =  (X'x  ")>NW  is  the  number  of  wiggler  pe¬ 

riods  and  J/(ai),  <7m(a2),  Jn(^s)  are  Bessel  functions 
of  the  first  kind. 

The  spectrum  will  be  sharply  peaked  around  the 
frequency  J30ujw/(  1  —  ftzo)  and  its  odd  harmonics. 
The  line  broadening  for  every  harmonic  depends  only 
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on  the  length  of  the  interaction  regionL(= 
whereas  the  intensity  depends  on  /  as  well  as  the 
electron  beam,  wiggler  and  ion-channel  parameters. 

Let  an  electromagnetic  radiation  of  frequency 
fu>r(=  cfkr  =  2lZ£)}  amplitude  Er  and 

phase  fkrz  —  furt  +  <f>),  represented  by 

Br  =  Er(sin£,cos£,0),  Er  —  Er(cos£,—sin£}  0),  co¬ 
propagate  with  the  electron  in  the  FEL  interaction 
region.  For  relativistic  electrons,  the  transverse  force 
due  to  the  radiation  field  is  nearly  zero,  hence  trans¬ 
verse  trajectories  have  nearly  the  same  form  as  in 
the  absence  of  radiation.  The  axial  velocity  is  ob¬ 
tained  using  the  energy  conservation  relation.  Once 
the  trajectories  are  known,  we  find  the  rate  of  ex¬ 
change  of  the  electron’s  energy  with  the  radiation 
field  and  eliminate  the  fast-oscillatory  terms  to  get 

^=eSPjcos^+^  (2) 

where  (w  —  fkrz  —  f(ur  —  P0ww)t  is  a  slowly  evolving 
dimensionless  parameter, 
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pling  factor  Pj  determines  the  energy  transfer  and  is 
non-zero  only  for  odd-integral  values  of  /. 

Differentiating  Cw  twice  with  respect  to  time,  we 
get  the  pendulum  equation 

■■  _eKiErfu)r(  1  +  nKf)  , 
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Following  Colson  [4],  the  FEL  gain  is  evaluated  as 
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where 

F(AuT)  =  [2  —  2cosAuT  -  AuTsinAuT ]  , 

Acj  =  f(30uw  —  (1  —  Pz)fwr  is  the  resonance  param¬ 
eter  ,  T(~  L/cpo)  is  the  time  taken  by  the  electron 
to  traverse  the  interaction  length  L  and  Ni  is  the 
electron  beam  density. 

The  gain  is  maximum  when  A wT  =  2.6  at  a  fre- 
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Since  /  is  an  odd  integer,  gain  is  obtained  at  the 
fundamental  upshifted  wiggler  frequency  and  its  odd 
harmonics. 


1*0  ZO 

Xi - * 

The  above  figure  shows  the  variation  of  maximum 
gain  Gnw  (normalized  by  with  Xi  for 

K{=  fixed  at  1.0  and  /=1,3,5  and  7.  For  all 

values  of  /,  the  gain  is  seen  to  be  an  oscillatory  func¬ 
tion  of  Xi.  This  is  due  to  the  complicated  form  of 
the  coupling  coefficient  Pj.Gain  at  the  fundamental 
increases  as  the  wiggler  frequency  tends  to  the  be¬ 
tatron  frequency.  On  the  contrary,  the  gain  at  the 
harmonic  frequencies  falls  as  Xi  approaches  1.  For 
Xi  <  1,  gain  at  the  3rd  and  7th  harmonics  is  maxi¬ 
mum  at  Xi  ~  0.4,  whereas  gain  at  the  5</l  harmonic 
is  maximum  at  X*  ~  0.2.  For  X,  >  1,  gain  at  ail  fre¬ 
quencies  maximizes  close  to  Xi  ~  1.5  and  then  falls 
rapidly. 
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Abstract 

This  paper  is  specifically  concerned  with  the  generation  of  microwaves,  by  such  devices  as  magnetrons  and  industrial  Free 
Electron  Lasers  (FELs),  and  their  industrial  applications.  This  paper  covers  the  European  dimensions  and  partnership  in  this 
project  and  summarises  the  setting  up  of  the  Network  to  allow  the  promotion  of  microwave  sources  and  applications  to  be 
achieved  within  the  EC. 


1.  Introduction 

This  proposal  is  specifically  concerned  with  the 
generation  of  microwaves,  by  such  devices  as 
magnetrons  and  industrial  free  electron  lasers  (FEL’s), 
and  their  industrial  applications.  Microwaves  are  long 
wavelength  electromagnetic  waves  which  have 
wavelengths  ranging  from  L  Band  (150-300mm)  through 
the  S,  C,  X  and  K  Bands  to  the  Millimetre  Band  (1- 
7.5mm). 

Magnetrons  are  capable  of  producing  high  output 
powers  for  the  longer  wavelength  microwaves.  To  extend 
the  high  output  power  capabilities  into  the  higher 
frequency  bands  required  the  development  of  a  new 
device,  termed  the  industrial  Free  Electron  Laser  (FEL). 
The  FEL  may  be  regarded  as  operating  in  a  similar 
manner  to  the  Klystron  and  the  TWT,  but  having  the 
capability  to  produce  the  large  microwave  powers  over 
the  entire  microwave  spectrum,  up  to  millimetre  waves. 
FEL  devices  possess  the  unique  property  of  being 
electronically  tuneable  and  are  able  to  produce  the  exact 
wavelength  needed  to  match  the  requirements  of  the 
industrial  application. 

The  leading  group  in  the  EC  for  research  and 
development  of  microwave  industrial  FEL’s  is  The 
University  of  Liverpool  (UK).  This  work  is  underpinned 
by  strong  FEL  activities  at  the  University  of  Twente 
(Holland)  and  ENEA  Frascati  (Italy),  who  have 
developed  the  capability  of  producing  high  pulsed 
powers  and  shorter  microwave  frequencies  (millimetre 
band)  than  the  Liverpool  group. 

A  programme  of  research,  mainly  funded  by  the  UK 
DTI,  was  started  at  Liverpool  in  1990  and  a  tuneable  X 
band  IFEL  was  demonstrated  in  1993/4  producing  1W  of 
output  power.  During  1994/5  the  system  efficiency  and 
power  capability  were  enhanced  to  20%  and  100W 
respectively.  The  targets  for  1996/8  are  30%  efficiency 
and  lkW  output  with  further  power  increases  in 
subsequent  years.  During  1997/8  FEL’s  operating  in  the 
Ku,  K  and  Ka  bands  (12GHz  to  40GHz)  will  be 
demonstrated  producing  powers  in  excess  of  100W. 


Microwaves  produced  by  magnetrons  have  found  a  large 
number  of  well  established  applications  in  manufacturing 
industry  for  the  processing  of  both  solids  and  liquids. 

During  the  exploratory  phase  of  the  Network  it  was 
revealed  that  many  more  important  applications  could  be 
undertaken  by  the  availability  of  tuneable  microwave 
devices  such  as  the  industrial  FEL  over  a  wider 
frequency  spectrum. 

2.  European  Dimension  and  Partnership 

To  undertake  the  Implementation  Phase,  a  partnership  of 
Universities,  Research  Organisations  and  Industry  have 
been  brought  together  into  the  Network.  They  are 
currently  researching  either  FEL  systems  or  FEL 
components  or  manufacturing  microwave  sources  and 
systems  or  developing  microwave  applications. 
Therefore  a  group  of  twenty-five  partners  from  five  EC 
countries  have  agreed  to  participate  in  the 
Implementation  Phase. 

On  the  microwave  applications  side  there  are  a 
multitude  of  benefits  to  be  attained.  It  is  a  great 
opportunity  for  the  Universities,  Research  Organisations 
and  Industries  to  interact  to  each  other.  The  Universities 
and  Research  Organisations  have  necessary  detailed 
knowledge  concerning  microwaves  in  direct  contrast  to 
Industry,  which  possesses  detailed  knowledge  of 
manufacturing  processes.  The  Network  will  allow  the 
Universities  and  Research  Organisations  to  educate  on 
the  theory  and  components  required  for  microwave 
generation  and  propagation.  Another  benefit  of  the 
Network  is  that  microwave  education  will  be  given  to  EC 
industry.  The  University  Partners  are  from  five  EC 
countries  and  plan  to  jointly  produce  a  common  set  of 
documents  on  microwave  sources  and  applications  which 
will  form  the  basis  of  seminars  and  short  education 
courses  for  industry.  For  a  nominal  fee  SME’s  will  visit 
the  University  for  such  a  course  whilst  for  the  larger 
industries,  the  University  will  visit  the  factory  to  put  on 
an  industrial  course. 
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To  summarise  the  setting  up  of  the  Network  will 
allow  the  promotion  of  microwave  sources  and 
applications  to  be  achieved  within  the  EC.  In  addition  it 
will  facilitate  the  setting  up  of  an  EC  IFEL  based 
industry  in  the  near  future  which  will  have  a  lead  over 
the  USA  and  Japanese  based  companies. 

3.  Potential  Applications 

Microwaves  have  already  found  a  large  number  of 
applications  in  manufacturing  industry  for  the  processing 
of  both  solids  and  liquids.  The  majority  of  these 
applications  are  concerned  with  mainly  heating  or  drying 
activities.  This  is  because  existing  microwave  sources  are 
based  upon  the  magnetron  devices,  which  only  produce 
low  operation  frequencies  0.90  GHz,  and  2.46  GHz. 
However  magnetrons  are  reasonably  compact  and  have 
high  output  powers  (35  kW  at  0.9  GHz  and  8kW  at  2.46 
GHz  respectively)  with  a  wall  plug  efficiency  of  30%. 

The  applications  of  microwaves  have  not  been  fully 
explored  within  manufacturing  industries  and  many  more 
important  applications  exist.  The  availability  of  a 
powerful,  tuneable  microwave  source,  covering  the  wide 


microwave  spectrum,  will  allow  many  more  applications 
to  be  identified.  These  include  such  activities  as  plasma 
material  processing,  vitrification,  waste  water  treatment, 
adhesive  curing,  fashion  cloth  marking,  communications, 
medical  applications.  The  partners  within  the  industrial 
FEL  project  will  investigate  these  applications. 

4.  Role  and  Tasks  of  the  Partners 

The  project  co-ordination  is  by  the  University  of 
Liverpool  (UK).  There  are  26  partners  whose  aim  is  to 
promote  Microwave  applications  of  Industrial  Free 
Electron  Lasers.  To  obtain  this  objective  the  consortium 
of  partners  have  been  classified  in  two  main  group 
activities,  A  (Industrial  Free  Electron  Lasers)  and 
B(Microwave  Applications).  These  are  listed  in  table  1 
and  the  main  activity  of  each  partner  has  been  specified. 
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Table  1:  Group  Activities 


Organisation 

Activity 

Country 

Group 

The  Univ.  of  Liverpool 

Overall  FEL  Design  and  communication 

UK 

A 

Univ.  of  Milan 

Electron  sources 

Italy 

B 

ENEA,  Frascati 

Overall  FEL  design 

Italy 

A 

Comex  Technologies 

Insitu  surface  treatment 

France 

B 

Sincrotrone  Trieste 

Wiggler  design  and  construction 

Italy 

A 

The  Univ.  of  Twente  (NCLR) 

Overall  FEL  design 

Holland 

A 

Coaxial  Power  Supply 

RF  sources  and  magnetrons 

UK 

A 

The  Univ.,  of  Essex 

Dielectric  waveguide  for  medical  applications 

UK 

B 

British  Nuclear  Fuel  (BNFL) 

Vitrification  for  nuclear  waste 

UK 

B 

Cybemetix 

Microwave  sub  sea  communications 

France 

B 

The  Welding  Institute  (TWI) 

Plasma  material  processing  using  FEL 

UK 

A 

UMIST 

Microwave  pre-punchers  for  FEL  design 

UK 

A 

The  Univ.  of  Thrace 

Radiation  monitoring,  control,  and  safety  of  microwaves 

Greece 

A 

Product  Innovation 

High  voltage  ceramics  and  electron  source 

UK 

A 

The  Univ.  of  Gent  (INTEC) 

Sub  sea  communications 

Belgium 

B 

Ley  bold  Vakuum 

Vacuum  systems 

Germany 

A 

Magnet  developments  Limited 

Wiggler  magnets 

UK 

A 

IFR 

Microwave  components 

KSSHH 

B 

WITHDRAWN 

Sterilisation  of  surgical  implements 

EZ&3SH1 

B 

ABC 

Catalytic  cleaning  for  automobiles 

UK 

B 

Broideries-Leveaux 

Fashion  cloth 

France 

B 

Titan  as 

Plasma  torch  material  processing 

Greece 

B 

Surface  Transforms 

Catalytic  cleaning  for  gas  exhaust  and  fuel  cells 

UK 

B 

CLAIRE 

Microwave  plasma  /  Laser  welding 

France 

B 

Univ.  of  Limerick 

Fibre  optic  sensor  systems 

Ireland 

B 
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Sub-picosecond  synchronization  of  a  10-fs-Ti:  Sapphire  laser  to  FELIX 

G.M.H.  Knippels,*  M  J.  van  de  Pol,  A.F.G.  van  der  Meer 

FOM-Institute  for  Plasma  Physics  ‘Rijnhuizen’ ,  P.O.  Box  1207, 3430  BE,  Nieuwegein,  The  Netherlands 


In  this  contribution  we  report  the  first  successful  sub¬ 
picosecond  synchronization  of  a  Kerr-lens  mode-locked 
10-fs  Ti:  Sapphire  laser  system  (Femto  Source  Pro,  Femto 
Lasers,  Vienna,  Austria)  to  an  FEL.  Previous  attempts  to 
synchronize  a  different  FEL  with  a  regeneratively  mode- 
locked  Ti:Sapphire  laser  have  led  to  several  picoseconds 
of  jitter  [1].  The  TirSapphire  laser  is  pumped  by  5  W  of 
532  nm  from  an  intra-cavity  frequency-doubled  Nd:YV04 
laser  (Millenia  V,  Spectra  Physics,  Mountain  View,  CA 
USA),  and  employs  so-called  ‘chirped-mirror’  technology 
to  achieve  reliable  and  stable  production  of  the  ultrashort 
optical  pulses  [2].  We  modified  the  cavity  by  mounting  a 
tiny  (5  mm  diameter,  1  mm  thick)  high-reflector  in  the 
short  arm  of  the  cavity  on  a  PZT  with  10  pm  range.  This 
piezo-controlled  mirror  is  used  for  active  cavity  stabiliza¬ 
tion.  A  fast  Si-photodiode  (-3  dB  at  1.5  GHz)  is  used  to 
monitor  the  100-MHz  optical  pulse  train.  The  1  GHz 


Fig.  1.  Schematic  layout  of  synchronization  electronics  and  op¬ 
tics.  An  ultra-stable  rf-clock  (SMG  801.0001.52,  Rohde  & 
Schwarz,  Munich,  Germany)  running  at  250  MHz  is  multiplied 
by  four  to  yield  1  GHz.  An  rf-splitter  splits  the  1  GHz  signal  in 
two.  One  arm  serves  as  the  reference  clock  input  for  the  double- 
balanced  mixer  (DBM),  while  the  other  part  drives  the  electron 
gun  and  accelerating  structures.  A  fast  silicon-diode  detects  the 
100  MHz  Ti:Sapphire  pulse  train  and  filters  out  the  1  GHz  com¬ 
ponent,  which  is  mixed  with  the  1  GHz  clock  in  the  double- 
balanced  mixer  to  yield  the  phase  difference.  After  passing 
through  a  1-MHz  low-pass  filter  and  a  loop  filter  (unity  gain  at 
1  kHz)  the  error  signal  is  send  to  a  PZT-driver  to  adjust  the  cav¬ 
ity  length.  A  phase  shifter  is  used  to  control  temporal  overlap. 


component  of  this  signal  and  a  reference  signal  of  the 
1  GHz  clock  of  the  FEL  are  combined  in  a  double- 
balanced  mixer,  the  output  of  which  serves  as  the  error 
signal  for  driving  the  PZT.  The  unity-gain  bandwidth  of 
the  loop  is  1  kHz,  determined  primarily  by  the  PZT  drive 
electronics  and  the  loop  filter.  A  schematic  layout  of  the 
feedback  loop  is  given  in  Fig.  1.  The  use  of  the  10th  har¬ 
monic  of  the  100  MHz  roundtrip  frequency  in  the  feed¬ 
back  loop  provides  better  locking  because  of  the  reduced 
influence  of  amplitude-to-phase-noise  in  the  loop  [3].  Fig¬ 
ure  2  shows  the  phase-noise  side  bands  of  the  Ti:Sapphire 
laser  at  the  10th  harmonic  around  1  GHz.  Trace  A  is  taken 
with  the  Ti:Sapphire  laser  in  free-running  mode,  while 
trace  B  is  taken  when  the  feedback  loop  is  activated  and 
stabilizes  the  cavity  length  to  match  the  clock-frequency. 
The  noise  peaks  around  200  Hz  are  traced  back  to  the 
times-four  phase-locked  loop.  The  width  of  the  central 
peak  is  determined  by  the  frequency  stability  of  the  250 
MHz  signal  generator. 

When  the  FEL  and  the  Ti: Sapphire  laser  are  fre¬ 
quency-locked  to  each  other,  the  temporal  overlap  is 


frequency  [Hz] 


Figure  2.  Phase-noise  side  bands  of  the  Ti:Sapphire  laser, 
measured  at  a  central  frequency  1  GHz.  In  trace  (a)  the  feed¬ 
back  loop  is  not  activated.  In  case  (b)  the  feedback  loop  for 
stabilizing  the  cavity  length  is  active. 
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found  by  simply  scanning  a  phase-shifter.  Type-I  sum- 
frequency  generation  in  a  100-pm  thick  AgGaS2  crystal 
(MolTech,  Berlin,  Germany)  has  been  used  at  an  FEL 
wavelength  of  9  pm  to  measure  the  degree  of  jitter  that  is 
left  between  the  two  lasers  in  a  direct  optical  cross- 
correlation  experiment.  The  sum-frequency  is  detected 
through  a  calcite  polarizer  that  blocks  the  Ti: Sapphire 
background  (see  Fig.  1).  In  Fig.  3,  a  delay  line  was 
scanned  to  vary  the  optical  delay  between  the  two  laser 
pulses,  and  individual  data  points  correspond  to  a  fifty- 
shot-averaged  measurement  over  successive  macropulses. 
The  duration  of  the  Ti: Sapphire  laser  pulses  was  measured 
separately  with  an  autocorrelator  close  to  the  AgGaS2 
sample  and  was  found  to  be  10  fs  fwhm  (see  inset  in  Fig.  3 
at  the  right-hand  side).  The  infrared  FEL  pulse  duration 
was  similarly  measured  with  a  CdTe-based  autocorrelator 
to  be  435  fs  fwhm  in  duration  (see  inset  on  left-hand  side). 
The  jitter  from  the  cross-correlation  signal  can  thus  be 
estimated  to  be  400  fs  rms  (-900  fs  fwhm,  assuming  un¬ 
correlated  gaussian  noise).  The  achieved  degree  of  syn¬ 
chronization  is  present  over  many  minutes  and  the  result¬ 
ing  system  is  very  competitive  compared  to  other  com¬ 
mercially  available  systems  that  allow  locking  of  a 
Ti: Sapphire  laser  to  an  external  clock.  For  example  Spec- 
tra-Physics  and  Coherent  typically  specify  a  jitter  of  less 
than  3  ps  rms  (-6  ps  fwhm)  on  a  60-second  time  scale  or 
shorter  for  table-top-sy stems.  In  our  case  the  FEL  is  lo¬ 
cated  40  meters  away  from  the  Ti:Sapphire  laser,  and  the 
excellent  synchronization  achieved  demonstrates  the  in¬ 
trinsically  stable  cavity  design  of  the  Ti: Sapphire  laser,  as 
well  as  the  tight  locking  of  the  FEL  to  its  1  GHz  clock. 
The  large  separation  between  the  lasers  leads  to  a  slow 
thermal  drift  in  synchronization  of  about  1  ps  per  half- 
hour. 

Although  we  demonstrated  the  synchronization  of  the 
Ti: Sapphire  laser  to  the  FEL  at  an  infrared  wavelength  of 
9  pm,  this  is  only  limited  by  the  availability  of  suitable 
sum-frequency  mixing  crystals  (and  has  been  verified 
between  7  and  13  pm  wavelength  with  the  same  AgGaS2 
crystals).  The  synchronization  is  present  over  the  whole 
FELIX  wavelength  (4.2-300  pm)  range  since  we  directly 
locked  to  the  FEL’s  internal  RF-clock.  Furthermore,  we 
also  are  able  to  synchronize  the  Ti:Sapphire  laser  to 
FELIX  when  it  runs  at  25  or  50  MHz  repetition  rate  in¬ 
stead  of  1  GHz.  This  is  achieved  with  a  slight  modification 
of  the  feedback  loop  so  that  first  locking  to  the  25/50 
MHz  is  obtained,  before  the  1  GHz  lock  is  activated. 
Identical  synchronization  performance  is  observed  in  these 
modes  since  the  25/50  MHz  signals  are  just  necessary  in 
the  beginning  to  select  the  appropriate  1  GHz  cycle,  but 
do  not  influence  the  loop  characteristics  (the  25/50  MHz 
signal  can  even  be  removed,  once  locking  is  obtained). 


Conclusions 

We  have  successfully  synchronized  a  passively- 
modelocked  10-fs  Ti:Sapphire  laser  to  FELIX  with  a 
measured  jitter  of  only  400  fs  rms.  The  system  allows  for  a 
whole  series  of  new  two-color  experiments,  especially 
where  high  peak  powers  in  the  infrared  are  required  or 
tunability  beyond  the  range  covered  with  OPA/OPG’s 
systems. 


delay  [ps] 

Figure  3.  Measured  optical  cross-correlation  between  the  FEL 
running  at  9  pm  and  the  Ti:  Sapphire  laser  at  800  nm  in  a  100- 
pm  thick  AgGaS2  crystal.  The  inset  on  the  left-hand  side 
shows  the  background-free  autocorrelation  measurement  of 
the  435-fs  FEL  pulse  with  a  home-built  autocorxelator  based 
on  CdTe,  and  the  inset  on  the  right-hand  side  shows  the  10-fs 
fringe-resolved  autocorrelation  function  of  the  Ti:  Sapphire 
pulse.  The  derived  jitter  is  400  fs  rms  (-900  fs  fwhm).  The 
scan  took  approximately  two  minutes  to  record. 
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